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The lowered basal metabolic rate of animals following the removal 
of the adrenal glands (1) is a striking and constant feature of the changes 
which take place in all of the species so far investigated. It has not been 
definitely established whether this reduction is a, a specific change resulting 
from the lack of the adrenal cortical hormone; 6, a manifestation of an 
interrelation between the adrenal gland and one or more of the other 
endocrines known to secrete hormones having a calorigenic action under 
physiological conditions, or c, the indirect result of progressive circulatory 
and respiratory failure. If the metabolic rate of the whole animal is the 
sum of the metabolism of all of the tissues plus a certain minimum fune- 
tional metabolism as suggested by Barcroft (2), then the in vitro respira- 
tion rate of tissues taken from adrenalectomized animals might yield 
some information which would help to separate direct and indirect effects 
of adrenal insufficiency. Either the failure of the direct action of the 


adrenal cortical hormone on tissue respiration or the secondary failure 


of action of some other hormone might be expected to affect the in vitro 
as well as the in vivo oxygen consumption. However, a lowered basal 
metabolic rate resulting largely from failure of the circulation, external 
respiration and other aspects of the minimal functional activities would 
not necessarily be associated with reduced rate of respiration in vitro of 
the tissues from the same animal. 

Field, Belding and Martin (3) demonstrated that the summated tissue 
respiration in normal adult rats amounts to about sixty-six per cent of 
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the mean basal metabolic rate, the largest fraction of the remainder being 
attributed to minimal functional activity. The present communication 
presents a survey of organ respiration in adrenalectomized animals as part 
of a study of the relation of summated organ metabolism to basal meta- 
bolic rate in adrenal insufficiency. 

Metuops. The rats used in this experiment were young adult males 
and females of the Slonaker-Wistar strain. The range of weight was 
from 94 to 143 grams. Animals used for comparison were in almost all 
cases litter mates. For eight to ten days preceding the beginning of each 
experiment the animals were kept in a warmed room under the same con- 
ditions of temperature and alimentation as were to be encountered after 
adrenalectomy. 

After this preliminary acclimatization the animals were bilaterally 
adrenalectomized under pentobarbital anesthesia (87 mgm. per kgm. 
intraperitoneally) through the lumbar approach. A second series of ani- 
mals was subjected to similar acclimatization and surgical procedure except 
that the adrenal glands were left in situ after stripping the pedicle and 
dissecting the gland free of the kidney. 

Two groups of ten animals each were adrenalectomized at a sufficient 
interval to permit sampling over the later portion of the average survival 
time for adrenalectomized animals in this colony. The series were ar- 
ranged to begin tests on the fourth post-operative day, and to include 
duplicate organ samples from two or more animals over fourth to eighth 
post-operative days inclusive. The respiration rates of the organs of 
the adrenalectomized animals were compared with the rates for the same 
organs on the same days after operation in the dummy operation control 
series. 

The technique for the preparation of tissues and the measurement. of 
rate of oxygen consumption has been described in previous communica- 
tions (3, 4). ‘Fhe only deviations from the previous procedure include 
changes in method of preparation of brain cortex and the obtaining of 
ratios of the wet weight of tissues to their dry weight. In place of free- 
hand cutting of cortical material with small scissors, we obtained thin 
slices of cortex by pressing a small fiber template down upon the surface 
of the brain and shaving off with a razor blade the cortical tissue which 
was caused to bulge through the opening in the template. In this way 
it was possible to obtain thin uniform slices of relatively larger area and 
thus restrict trauma to a smaller proportion of the tissue taken for use 
in the Warburg vessels. 

The ratios of the wet weight to the dry weight of tissues were derived 
from samples of organs taken at the time the slices were prepared for meas- 
urement of oxygen consumption. The organs were prevented from dry- 
ing during sampling by keeping them at room temperature in petri dishes 
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lined with filter paper moistened with Dickens-Greville (5) Ringer's 
solution. 

The wet weight of organ slices was obtained by direct weighing on a 
torsion balance, some slices were transferred to crucibles and dried to 
constant weight and others were placed in the respirometer vessels. 

Resutts. 1. Relative water content. Table 1 presents the ratios otf 
the wet weight to the dry weight of the organs studied in the adrenalec- 
tomized animals and the control (dummy operation) animals from the 
fourth to the eighth post-operative day inclusive. 

The ratio becomes larger with time in the organs taken from the adre- 
nalectomized animals. In the case of kidney and skeletal muscle the most 
striking change occurs sharply between the fifth and sixth day, while in 


TABLE 1 


Wet weight/dry weight ratios of brain, muscle and kidney 


" NUMBER OF ANIMALS BRAIN MUSCLE KIDNEY 

POST- 

OPERATIVE 
DAY Adrenal- 


ectomized 


Conta A drenal- Adrenal- Content A drenal- 


Controls 
ontrols ectomized ectomized ectomized 


5.13 ) : 5.09 
$ 8] o. le 4.45 
5.23 56 5.6 4.82 
5.56 5.05 
7 5.46 
Mean 48 34 
Standard error +0. 20 +0.07 +0.68 


0.5000+* 0.0170 


* Greater than 0.5000. 


brain the change appears to be somewhat more gradual. The control 
animals show no significant change in the ratio throughout the time 
period. The mean of the ratios for brain over the entire period show no 
significant difference between the adrenalectomized animals and the con- 
trols. The difference observed in the muscle taken from the two series 
indicates that there is an increase in total water of this tissue. The same 
comparison for kidney indicates no significant change. It must be re- 
membered that the amount of water present in the kidney as glomerular 
filtrate or formed urine is capable of influencing the wet to dry ratios to a 
marked extent. Adrenalectomized animals show a progressive reduction 


in urine volume, and it follows that one might expect the kidney of an 


animal with intact adrenal glands to contain a relatively larger propor- 
tion of water present as glomerular filtrate or as urine than the kidney of 


} 55 
5.56 
5.23 
5.32 
5.66 
5.26 
+) SH 
0.1276 
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an adrenalectomized animal. If the factor of urinary water content were 
equalized in the adrenalectomized and the control animals the ratios might 
then differ more widely in such a way that the difference would indicat: 
a much larger proportion of tissue water in the kidney of the adrenalec- 
tomized animal. In the absence of such correction the difference observed 
may be deceptively low. 

2. Organ respiration on wel-weight basis. a. Brain. The data presented 
in table 2 indicate that the respiratory rates of brain slices from the two 
groups are not significantly different. No tendency of the respiratory 
rate to decline with time in any given period of measurement was 
observed. 

b. Skeletal muscle. It was found that the respiratory rate of skeletal 
muscle did not differ in the control and experimental animals until the 
seventh and eighth days after operation, at which time muscle from ex- 
perimental animals showed a somewhat lower rate of oxygen consumption 
than corresponding muscles from the controls. The difference between 
the means for the entire period yields a P value of 0.3232 which is clearly 
not significant (7). 

An analysis of the same results was made so as to separate the initial 
three days of the post-operative period studied from the last two days. 
In spite of the absence of a sufficient depression of respiration to account 
for a significant difference between the mean rates over the entire inter- 
val studied, it is demonstrated that the fall in respiratory rate of muscle 
during the last two days (P = 0.0098) is sufficient to justify the assump- 
tion that the difference is a real one. 

c. Kidney. The difference in respiratory rate between kidney slices 
from control and adrenalectomized animals is more striking than in the 
case of muscle. Following the fifth day after operation the rate of kidney 
respiration is reduced by more than fifty per cent as compared with the 
controls. The’ magnitude of this decline during the last three days of the 
period is sufficient to account for a significant difference (P_ = 0.0590) in 
the mean rates over the entire five days studied. 

Separate comparison of the first two and the last three days after opera- 
tion reveals no difference during the fourth and fifth days, but the ecom- 
parison of the latter portion yielded a P value of 0.0056, or about six 
chances in a thousand of such a difference’s being encountered through 
errors of sampling. 

3. Organ respiration on dry-weight basis. The increase in the ratio vot 
the wet weight to the dry weight seen in the organs of adrenalectomized 
animals suggests that a part, at least, of the decline in respiratory rate ob- 
served when measurements were expressed on the wet-weight basis might 
be associated with the increased water content of the tissues. 


When the same values for oxygen consumption are expressed on a dry- 
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weight basis, it is noted that the differences observed on the wet-weight 
basis have almost entirely disappeared. The only statistically signifi- 


cant difference (fewer than five chances in one hundred) is seen in the com- 
parison of the respiratory rate of kidney during the last two days of the 
period. If the ratios of wet weight to dry weight for kidney tissue did 


TABLE 2a 


*Qo, on wet-weight basis 


CONTROLS ADRENALECTOMIZED 


POST-OPERATIVE 
DAY Number Number 
of Brain Muscle Kidney of Brain Muscle Kidney 
animals animals 


81 58 3.36 2.00 50 3.43 
70 54 3.24 80 57 3.50 
72 43 3.49 85 56 3.71 
04 54 4.11 . 85 40 2.21 
.78 .55 3.60 .78 37 2.30 


tw be 


81 .53 3.66 86 48 2.89 
061 +0.025 +0.146 + 311 


* Qo. = cu. em. O2/gm./hr. 


TABLE 28 
Qo, on dry-weight basis 


CONTROLS ADRENALECTOMIZED 


POST-OPERATIVE 
DAY Number Number 
of Brain Muscle Kidney of Brain Muscle Kidney 
animals animals 


19 

14.; 
15. 
20. 
17 .§ 


Mean 9.9 17.6 


S.E. X. 54 +1.2% - +0.15 + | 


not suffer from the error introduced by the difference in urinary water the 
values should yield an even smaller difference. 

It is interesting to note that in brain, in which no difference in relative 
water content was noted, there appears no ‘“‘decrease”’ of respiration when 
the oxygen consumption is expressed on the wet-weight basis or the dry- 
weight basis over the ertire period of insufficiency studied. This observa- 
tion is in substantial agreement with Tipton’s recent report (8). 


| 

5 l 

6 l 

7 2 

8 1 
+0 

4 2 10.1 * ) 2 11.0 2.4 17.8 

5 2 10.0 .6 ) 4 9.2 2.6 15.9 

6 2 8.8 0 4 8.Y 2.9 15.1 

j 2 11.8 6 9.7 2.3 11.6 

Ss 2 9.0 5 ) 2 9.9 1.9 12.3 
9.7 2.4 14.5 
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Discussion. ‘The decline of basal metabolic rate, expressed on a cal- 
culated surface area basis, of adrenalectomized animals begins usually 
a little more than half way through the survival period of insufficiency 
(1) and falls from 20 per cent to 50 per cent below the pre-operative value. 

The observed lowering of respiration in both kidney and muscle caleu- 
lated on the wet-weight basis is in rough agreement with the magnitude 
of the change reported for the intact animal and is not strikingly different 
in its time course. However, when the in vitro respiration is calculated 
on the basis of dry weight, the magnitude of the difference between the 
experimental group and the controls becomes insignificant with the ex- 
ception of that of kidney, in which the observed difference would be 
encountered only three times in one hundred in random sampling of a 
series in which no real difference existed. 

This observation indicates a, that the lowered basal consumption seen 
in adrenalectomized animals is not entirely the result of failure of minimal 
functional activity, and b, that the altered water distribution can account 
for the change observed in the in vitro respiration of brain and muscle, 
and in part for the change in respiration of kidney when the results are 
expressed on the wet-weight basis. 

The prime importance of relative water content in determining the di- 
rection of change in respiration described is entirely consistent with the 
cellular hydration reported in adrenal insufficiency (9, 10, 11) and in simi- 
lar electrolyte imbalances induced by intraperitoneal injections of glucose 
(12), or direct alterations of the sodium and chloride concentration of the 
extracellular fluid (13). 

Under the conditions of these experiments, the influence of secondary 
factors, consequent upon water and electrolyte changes is markedly 
reduced. After the transfer of the organ slices to Dickens-Greville Ring- 


er’s solution, a large portion of the water weighed out with the sample 


becomes metabolically ineffective in vitro because it is no longer in the cell. 

Field, Belding and Martin (4) in discussing the absence of significant 
difference between variability of Qo, on wet and dry bases state “an im- 
portant theoretical consequence is that tissue water content is related as 
closely, in a statistical sense, to the factors determining Qo, as is the mis- 
cellaneous aggregate of substances making up dry weight.” The findings 
in the present experiment emphasize the validity of this claim. It is only 
required to point out the necessity of restricting the use of the wet-weight 
basis to situation in which there is no possibility of a shift of water into 
the tissues and further, the desirability of employing a medium in the 
in vitro situation which will imitate as closely as possible the environment 
of the cells in vivo. 

The decrease in rate of respiration of kidney tissue which was demon- 
strated on both the wet and dry weight bases is interesting in connection 
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with the important réle played by this organ in the secondary changes of 
adrenal insufficiency. Since the respiratory rate of kidney is the highest 
per unit weight of any tissue in the body it is not remarkable that inter- 
ference with oxidative metabolism through a defect in phosphorylation 
(15) or in other ways (6) would be manifested first and most profoundly 
in the kidney. In tissues having a slower respiration the result of inter- 
ference with metabolism in the same way may be so small in magnitude 
as to be obscured by the consequences of the changes in electrolyte pattern 
induced. It may be suggested that the only way clearly to demonstrate 
the direct effect of lack of adrenal cortical hormone on the metabolism 
of tissues other than the kidney would be to protect them from intercur- 
rent injury and secondary influences until sufficient time has elapsed for 
the specific deficiency to be manifested. 


SUMMARY 


1. The in vitro respiratory rates and the ratios of wet to dry weight of 
skeletal muscle, kidney, and brain from adrenalectomized rats and control 
animals subjected to a dummy operation of equal severity have been com- 
pared over the period from the fourth through the eighth day following 
operation. 

2. Increases in water were found in muscle from adrenalectomized 
animals. The changes in the kidney are variable and those in brain insig- 
nificant. 

3. The decrease in respiratory rate expressed on a wet-weight basis 
which was noted in kidney after the fifth day following adrenalectomy 
persisted but was found to be smaller in magnitude when the same rates 
were expressed per gram dry tissue. The differences observed in muscle 
respiratory rate disappeared when the rates were calculated on the dry- 
weight basis. 

4. The respiration of brain does not change significantly. 

5. It is suggested that: 


a. The significant reduction of rate of respiration, based on the dry 


weight, of kidney from adrenalectomized animals may be causally 
related to the high rate of respiration of this organ. 

b. The use of the wet weight as a basis for expressing results of in vitro 
studies of organ metabolism should be restricted to situations where there 
is no possibility of a shift of water from one ‘‘compartment”’ of the tissues 
to another. 

c. A clear demonstration of the direct effect of absence of the adrenal 
cortical hormone on the metabolism of tissues other than the kidney is 
possible only under conditions which protect those tissues from intereur- 
rent injury and secondary effects of deficiency until sufficient time has 
elapsed for the specific deficiency to be manifested. 
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In the cephalopod eye, containing only sensory cells, the electroretino- 
gram (ERG) has been found to consist of a single sustained potential 
(Beck, 1899; Piper, 1904; Fréhlich, 1913). Briicke and Garten (1907) 
and Piper (1911), considering the inversion of the vertebrate retina, 
identified this monophasic action potential on an electrical basis with 
the “positive” action potential (i.e., the b-wave or component PIT; Granit, 
1933) of the vertebrate eye. The analogy thus would require PIT to be 
localized to the receptorial layer of the vertebrate retina, a suggestion 
already made by Kiihne and Steiner (1881). However, in view of the 
complex structure of the vertebrate eye, an attempt to identify components 
of the vertebrate ERG with the receptorial action potential of the ceph- 
alopod eye should be made not only on an electrical basis (cf. Therman, 
1938; Granit and Therman, 1938) but at the same time also by a compari- 
son of the effects of different biological agents. 

Besides a general investigation of the nature of the squid ERG, the 
present paper deals with a study of the effects of glucose, potassium, 
atropine and adrenaline, as well as oxygen, on the ERG of the cephalopod 
eye (Loligo pealii). 

It is worthy of mention that earlier electrophysiological work on the 
cephalopod eye has been done chiefly on Eledone moschata, and Frohlich 
(1913) reports that he did not find the eye of Loligo as useful as that of 
Eledone. However, the anatomical structure of the eye in both species 
is essentially the same (Grenacher, 1886; ef. also Hess, 1905; Hanstroém, 
1928). 


Mertruop. The squids were kept in running sea-water in a dimly illu- 
minated basin. A number of experiments were also carried out on 
squids kept in light or in complete darkness. A 200-W electric bulb was 
used as a source for the stimulating light, which passed through a con- 
denser lens and a water-filter. The strongest intensity used (1/1) was 300 
Lux. By means of Wratten neutral-tint filters the intensity could be 
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varied between I/1 and 1/10,000. The light was thrown into the whole 
eye by a mirror above the eye-holder. The time and length of exposure 
was controlled by a photographic shutter. The length of the exposure in 
routine experiments was 0.25 to 0.5 sec. and the interval between each 
stimulation 2 to 5 min. 

As several electrodes were placed at the same time on the eye, it was 
found convenient to use plain chlorided silver wires. Photo-electric 
effects were constantly watched for and were kept below 10 yV. 

The recording equipment consisted of two condenser-coupled amplifiers 
in connection with a two-channel ink-writer, thus enabling simultaneous 
records to be taken from two different points. The time constant used 


(halfway down in 0.7 sec.) was long enough to reveal the essential features 
of the ERG of short exposures. However, it did not permit observations 
of a slow process like the PI component (c-wave) in the vertebrate eye. 


The frequency characteristic of the recording system should be considered 
as also limiting the possibilities of recording action potentials of a duration 
comparable to axon spikes. 

Resutts. The electrical activity of more than 80 eyes from different 
squids (Loligo pealiz) has been studied. For a general schematic view 
of the electrode placements as well as the relative size and polarity of 
the responses see figure 1 and legend. 

On the whole no pronounced electrical activity could be revealed by 
any combination of electrodes E;, Ey, E; and Ey. A small positive action 
potential was often recorded at E;. Its size fluctuated with the size of the 
positive deflection recorded with E: (see below) and was also dependent on 
the distance to the fundus of the eye, being smaller the longer the distance. 
Records taken with E; connected to EF, gave in a few cases a faint sustained 
negative potential. In one single case it remained for more than one 
hour and was of the order of 10 to 40 yvV (see fig. 4), while in the other 
cases it soon disappeared. This rare occurrence of a weak electrical 
activity in the ganglion or its optic nerve is in sharp contrast to the bigger 
and easily obtained potentials from the eye-ball. 

The ERG. It was soon found that in the case of a dark-adapted animal 
the weak light (red or white) necessary for a successful enucleation was 
strong enough to depress the size of the action potential. The subsequent 
enhancement is comparable to the effect of the regeneration of visual purple 
on the ERG of the frog’s retina. This resemblance is also emphasized by 
the occurrence of a red color in the squid retina after being kept in darkness 
for one-half to one hour. It is found that the enhancement of the po- 
tential is facilitated when the eye is opened (cf. Granit and Munsterhjelm, 
1937). 

Provided that moderate intensities are used, a monophasic, sustained, 
positive action potential is recorded when one electrode, £, is placed on 
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the surface of an intact eye and the second electrode, Es, 
point, on the ganglion (cf. fig. 1, A). The shape and size of the action 
potential does not depend on whether the second lead is on the ganglion 
or Nervus opticus, nor will an appreciable change occur when the Nervuli 
optict are crushed. 


as reference 


The size of the potential, however, is largely de- 


+ 


am 
Fig. 1. Schematic view of the electrode placement in an intact (A) and an opened 
B) eye as well as corresponding records obtained with indicated electrode combina- 
tions. Of these electrodes (corresponding to A) all but #; and Es were surface 
electrodes. E, and E; consisted of thin chlorided silver wires insulated to their tip 
and were inserted into the tissue. 
low-numbered electrode 


Upward deflection indicates negativity at the 
The intensity of the stimulus in group I4 and IVg was 
1/100, in group IIp 1/10. Time of exposures, 0.25 see 


Group III contains records representing observations of ‘atypical 


action po 
tentials assembled from different experiments. 


For their relationship to the regu 
larly obtained deflections reproduced in the groups Ia, I]4 and IV see text 


pendent on the placement of the eye-electrode. The biggest response 
is often obtained from the scleral part, the smallest, from the lens. 

If strong intensities are used (e.g., 1/10; ef. fig. 1, 14, EF — Es) and the 
eye has been kept in darkness for some time, the positive action potential 
recorded is not smooth. At both “on” and “off” there are indications 
of an interfering action potential of opposite electrical sign. However, 
these irregularities are more commonly seen if the eye has been damaged 


~—+4 
} 
\ 
a 
1 
4 


P. O. THERMAN 


in some way. In fact, pure negative action potentials may be obtained 
if the “active” electrode is in contact with the ocular fluid (see fig. 1, A, 
E, — K.; Ill, EF — E,). These results indicating the presence of two 
action potentials of opposite sign with regard to a common reference point 
on the optic ganglion were confirmed and more clearly brought out by 
using opened eyes (fig. 1, B). With regard to the reference electrode, Eg, 
the electrode on the receptorial layer, E,, revealed a negative action po- 
tential while EH, at approximately the same time became positive. The 
relative size of these two action potentials may be changed by certain 
factors such as state of adaptation, strength of stimulation, effect of drugs, 
or impaired condition of the eye. 

In light-adapted eyes the negative action potential (at F) is usually 
lacking and only a positive action potential of moderate size may be 
recorded from the outer surface of the eye, E2, or from the exposed periph- 
eral side of the retina. However, if the eye is kept in darkness a negative 
action potential at E, gradually appears. At the same time the positive 
action potential increases also. This gradual increase of both action 
potentials continues during the next 30 to 60 min. but follows different 
curves (fig. 2). Again, long exposures or frequent stimulation exhaust 
more rapidly the negative action potential than the positive one. At 
the end of the enhancement of the action potentials, the records obtained 
with strong intensities and an electrode inside the eye, £;, usually show a 
positive deflection preceding the negative action potential (fig. 1, I1,; 
E, — Es). This positive deflection may persist as a monophasic positive 
action potential irrespective of the disappearance of the negative action 
potential and show the same characteristics as the positive action potential 
recorded at E,. However, the size of such positive deflections recorded 
at FE; are always much smaller than the corresponding potential at F2. 
A similar ‘“‘spread”’ of the negative action potential is indicated by the 


above mentioned irregularities at ‘fon’ and “off” of the positive surface 
potential, Ey. The positive action potential, E2, has never been seen 
preceded by a negative deflection. 


The positive action potential responds with deflections of greater differ- 
ences in size within a certain range of intensities than the negative one. 
The following figures were obtained simultaneously for the negative 
and positive deflections from the same eye stimulated with two different 
intensities; 1/100: pos. 20 wV, neg. 20 nV; 1/10: pos. 70 vV, neg. 45 pV. 
The positive action potential thus was increased 3.5 times, while the 
negative was increased only 2 times. 

If the electrical activity of the retina is recorded between the electrodes 
FE, and Ez», instead of using a common reference electrode, Es, a smooth 
action potential is obtained. Its polarity always indicates negativity at 
the end of the receptors (i.e., Membrana limitans) and positivity at the 
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hase (fig. 1, IVg, A; — Ee). The size of this deflection is always bigger 
than the “individually” recorded potentials (IVg) and may be even bigger 
than their sum. 

Effect of chemical agents. he effect of different chemical agents empha- 
sizes the relative differences between the negative and positive action 
potentials. Such differences occur both with respect to the time of onset 
as well as to the degree of the effects. 


Fig. 2. Eye previously light-adapted. The curves show subsequent increase of 
the negative (dots) and positive (crosses) action potentials. Glucose was given at 
the moment indicated by arrow. For comparison a curve is drawn of a ‘“‘normally”’ 
increasing negative action potential (circles) obtained from another animal. Note 
correspondence in the starting and end points of the two curves (dots and circles) 


Glucose (isotonic with sea-water) enhances both the negative and the 
positive deflections but the maximal effect occurs at different times and 
to a different extent, as is seen in figures 2 and 3. Both potentials may 
maintain their final size for several hours. A second drop of glucose is 
without any appreciable effect. With regard to the negative action po- 


tential the glucose effect is most striking in a previously light-adapted eye 


which has been kept in darkness without showing any significant increase 
of this potential. This is shown in figure 2, where the regeneration of the 
positive (crosses) and negative (dots) action potential is seen before and 
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after a glucose treatment. For comparison a regeneration curve (circles) 
of the negative action potential in another eye under optimal conditions 
(without glucose) is drawn in the same diagram. 

If a light-adapted eye is filled with glucose immediately after the enuclea- 
tion, a smooth increase of both positive and negative action potentials 
is obtained. The rate of increase as well as the final size of the deflections 
is directly comparable with that obtained in the best experiments without 
a previous treatment with glucose. 


90 100 110 MIN 


Fig. 3. The effects on the negative (dots) and the positive (crosses) action poten- 
tials by successive treatments of a previously light-adapted eye with oxygen (at A), 
glucose (at B) and adrenaline (at C). 


In another series of experiments, a continuous stream of pure oxygen 
was led directly into the dark-box and the favorable effect obtained re- 
sembles that of glucose. However, in most of the cases the positive action 


potential is affected far more than the negative whereas the opposite is 


true for the glucose effect. A subsequent treatment with glucose is thus 
usually effective in increasing the negative action potential. 

The solvent for the different potassium concentrations, ranging between 
0.01 and 10 per cent, has been mostly glucose. After the subsidence of 
the glucose effect a potassium-glucose solution was added. Generally 
both the negative and the positive action potentials show a great resistance 
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to treatments with potassium solutions. Concentrations below 0.5 pet 
cent were hardly effective at all. Clearer effects were obtained only with 
stronger potassium solutions. A facilitation of both the positive and 
negative action potentials (particularly the positive) may be obtained 


with 0.5 to 2 per cent potassium solutions (fig. 4). With still stronger 


potassium solutions (2 to 10 per cent) a decrease of both action potentials 


Fig. 4. The effect of potassium on the retinal action currents and the ganglionic 
action potential. Negative action potential (electrodes EF, E., fig. 1; IVB) = 
dots; positive action potential (HK, — Es) = crosses; ganglionic action potential 
(EF; — Es, group III) = circles. The eye, previously treated with glucose, was 
filled with a 1 per cent KCl solution (dissolved in glucose) at the moment indicated 


by arrow. Thesize of the ganglionic action potential corresponds to the inside scale. 


is generally observed, but, while the negative deflection declines more 
and disappears from the record, the positive one, though decreased, still 
may remain. 


The effect of adrenaline (dissolved in glucose) consisted of a slow de- 
pression of both action potentials, as seen in figure 3. This depressant 
action does not affect appreciably the shape of the deflections. 

The effect of atropine (1 per cent dissolved in glucose) resembles the 
effect of adrenaline. A marked facilitating effect of atropine oi either 
action potential has not been observed. 
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Discussion. The reason that a ganglion action potential has been 
so rarely seen, as well as its early disappearance compared with the re- 
sistant action potentials of the eye, may be found in structural and func- 
tional differences between receptors and ganglion cells, the latter being 
more susceptible to removal from the natural environment. The small 
positive action potential sometimes recorded from the Nervuli optici is 
obviously due to an electrotonic spread (ef. Eecles, 1935) of the main 
action potential originated in the retina. 

Considering the fact that during illumination two action potentials of 
opposite electrical sign (with regard to a reference point) can be recorded 
from opposite sides of the receptorial layer of the squid’s retina, the ques- 


tion arises whether these potentials actually represent bio-electrical signs 
of two different processes, or whether the difference in polarity is merely 
due to the electrical pathways involved and we thus are recording one 
and the same process. On account of general observations on the effect 
of a proceeding dark-adaptation and intensity-variation it can be tenta- 
tively concluded that the two action potentials are two different processes. 


This suggestion is supported by the differential effects of glucose, oxygen, 
potassium, adrenaline and atropine. If the two action potentials were 
due to a common process and thus merely signs of a “dipole’’ electrical 
system it would be reasonable to expect a closer agreement in their mutual 
variations. Furthermore, the presence of two retinal action potentials 
in the squid eye may easily explain the old differences in opinion about 
the polarity of the cephalopod ERG (ef. Beck, 1899; Piper, 1904). 

From the electrical point of view, it may be emphasized that the po- 
tential distribution found (positivity at the base and negativity at the 
end of the receptors) never is completely reversed, and that the two action 
potentials add and give a maximal smooth ERG if the electrodes are 
on opposite sides of the retina. The fact that a small negative deflection 
may, in the absence of the positive action potential, be recorded from 
the outside of the eye,—or vice versa a small positive deflection may, in 
the absence of a negative action potential, be recorded from the inside 
of the eye (cf. fig. 1, I11)—-seems also to indicate that the two action po- 
tentials are due to different processes. With regard to the placement of 
the electrodes with a common reference electrode on the ganglion, the 
positive action potential should be expected to counteract the recording 
of the negative action potential. The ‘‘true” size of the negative action 
current can be approached only by subtracting the positive deflection 
from the combined electrical activity obtained in an electrode combina- 
tion of EF, — Ez, (fig. 1, IVg). According to this view a main increase 
of the positive action potential should also be revealed as a decrease in 
the recorded negative deflection (provided that the actual size of the latter 
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is unchanged). Such opposite changes are commonly seen and demon- 
strated in figures 2 and 3. It is also interesting to note that the positive 
deflection seems to be generated faster than the negative as is indicated 
by the appearance of a positive “notch” preceding the negative action 
potential (ef. fig. 1, — Ks). A similar positive ‘“‘notch” preceding 
the main retinal action potential of Eledone moschata has been reported 
by Froéhlich (1913). 

In his elaborate study of the histology of the cephalopod retina, 
Grenacher (1886) has pointed out that the cephalopod retina possesses 


only rods and that the picture reveals essentially thesame details as are 
found in rods of amphibians and mammals. Three parts of the rod are 
distinguishable: the outer and inner segments and the nuclear part. It 
is generally believed that these parts are structural differences within 
a single cell (cf. Detwiler, 1938), although a different opinion exists (cf. 
Moroff, 1922). The inner segments have been assumed by Kiihne and 


Steiner (1880) to possess electrical activity during illumination, whereas 
Garten (1907) in this respect emphasized the importance of the outer 
segments. However, at that period the suggestion referred only to the 
b-wave (PII) of the frog’s ERG. 

In general the various agents used in this investigation affect both 
action potentials of the squid eye in the same direction. Neither agent 
has been shown to elicit a clear enhancement of one action potential while 
the other is being depressed. In the frog eye weak concentrations of a 
potassium solution are sufficient to depress or remove the PIT component 
while PIII even by stronger solutions is unaltered or slightly increased 
(Therman, 1938). In the squid eye both the negative and positive action 
potentials are strikingly resistant to a treatment with potassium and 
may even show an increase in size. The specific effects of adrenaline and 
atropine on the PII component of the frog ERG (Therman, 1938) have 
not been observed in the squid eye. These results inevitably suggest an 
identification of both the negative and the positive action potential of 
the squid eye with the PIII component of the frog eye. Irrespective of 
the close resemblance in shape of the combined action potentials of the 
squid eye (FE, — Ez, fig. 1, IVg) and the PITI component in the vertebrate 
eye, it remains to be seen whether PIII also involves two electrophysi- 
ological processes. 

EKlectrophysiologically PIII is the first response to be seen in a vertebrate 
eye at the moment of light-stimulation, but, also, ontogenetically this 
component is the first to occur in a developing rat’s retina (Keeler et al., 
1928). This elementary character of the PIII] component is emphasized 
by the identification of PIII with the receptorial action potentials of 
the squid eye. 
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SUMMARY 


The electrical response of the squid eye (Loligo pealiz) to illumination 
has been recorded from different parts of the eye-bulb and ganglion by 
means of two condenser coupled amplifiers connected to a two-channel 
ink-writer. 


A faint, subsiding action potential has been recorded occasionally 


from the optic ganglion. 

Two monophasic, sustained action potentials of opposite electrical sign 
(with respect to a common reference electrode on the optic nerve) have 
been recorded from the retina. A negative deflection is recorded from 
the end part and a positive from the basal part of the receptors. In 
bipolar recording with electrodes on opposite sides of the retina the po- 
tential obtained is approximately the sum of the two action currents and 
the polarity indicates negativity at the end and positivity at the base 
of the receptors. 

The two action potentials are in general affected by a progressive dark- 
adaptation, oxygen, glucose, potassium, adrenaline and atropine in the 
same direction but to a different degree and at different times. Both 
the negative and the positive action currents (and thus their combined 
electrical activity) resemble in shape and reaction the PIII component 
of the vertebrate eye. 


The electrical recording system, designed by Mr. A. M. Grass, was kindly 
put at my disposal by the department of Physiology of the Harvard 
Medical School, for which I am greatly indebted to Dr. Hallowell Davis. 
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The determination of the glucose consumption rate of the extra hepati 
tissues of the depancreatized animal is of first importance in solving thi 
problem of diabetes. Such a determination also throws light on the 
question of conversion of fat to carbohydrate in this disease. One must 
remove the liver to carry out a glucose balance in any animal since this 
organ at all times is adding an indeterminate amount of sugar to the blood 
Removal of the gastro-intestinal tract is also necessary if the animal has 
been recently fed since then absorption of glucose from the tract is a com- 
plicating factor. 


The principle of the method is simple. Diabetes is produced by pan- 
createctomy and some time later the liver is removed and one determines 


the rate at which glucose must be injected intravenously to maintain the 
blood sugar constant at the preoperative level. The amount of sugar 
excreted by the kidneys during the determination must be subtracted 
from the amount injected to give the net injection rate. One infers then 
that the tissues are removing the glucose from the blood stream at this 
net rate and one assumes that the tissues had been behaving in the same 
way prior to the operative removal of the liver. 

Mann and Magath (3) showed that the blood sugar of the diabetic dog 
fell after hepatectomy, but did not measure the glucose utilization rate 
Yater et al. (4) made such a quantitative study. They injected glucose 
at a rate sufficient to maintain the blood sugar constant and found that 
the normal hepatectomized dog used glucose at the rate of 250 mgm. per 
kilo per hour and the hepatectomized diabetic dog at 190 mgm. per kilo 
per hour. There are definite objections to the conditions of their ex- 
periments. The kidneys were removed; this has been shown to increase 
glucose disappearance (1). No mention is made as to whether the animals 
were fasted or not; this too has a bearing on the results (5). Furthermore 
these authors state as does Mann (6) that the depancreatized dog does 
badly after hepatectomy and rapidly becomes moribund. Anyone familar 
with glucose utilization determinations in hepatectomized animals is 
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aware of the marked effect that poor general condition may have on the 
rate of glucose disappearance, usually increasing it. In the final break- 
down of the animal, commonly referred to as “the second stage after 
hepatectomy’, the glucose requirement is markedly increased (7). If the 
diabetic condition causes the onset of the second stage to come on pre- 
maturely in dogs, this would tend to cause a high glucose requirement. 
Besides this, we have observed that the development of any symptoms 
indicating that the physiological processes of the body are not altogether 
normal is often accompanied by an increase in glucose need. This is 
illustrated by the results in a group of hepatectomized and eviscerated 
rabbits which we had eliminated from other series and not reported, 


Megs. Glucose Utilized Kilo. per hour 
ir. g per Kilo. p 


HOURS 3 4 
Fig. 1 

because the condition of the animals was unsatisfactory and not in keeping 
with the requirements which we have stipulated for such experiments (5). 
For these animals the note “head drooping” (indicating weakness or poor 
righting reflexes) was put into the record by the observer without his 
having had anv regard to the glucose utilization rate at the time. In 
figure 1 are depicted the results in these animals showing the increase in 
glucose utilization which develops after a few hours. The arrows indicate 
the time when the note was made regarding the condition of the animal 
head drooping). It is quite obvious that the glucose utilization increases 
as the condition of the animal becomes worse. These results are to be 
compared with those of hepatectomized, and of eviscerated rabbits that 
remain in good shape and that have practically a constant utilization 
throughout (1, 8). 
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It appeared to us that much of the trouble experienced by previous 
workers resulted from their use of dogs. We decided to substitute rabbits 
for this work. This animal becomes diabetic after pancreatectomy (9), 
and one is able to study such animals after evisceration, i.e., removal of 
the liver and intestinal tract. They withstand this procedure remarkably 
well. They make good recovery from operation, sit up normally, the 
kidneys excrete urine and they survive for many hours, and so satisfy the 
requirements which we have demanded in this laboratory for the glucose 
utilization rate determination after hepatectomy or evisceration. 

MetuHop. Pancreatectomy was performed by the method of Greeley 
(9) and at this time a silk ligature was placed around the inferior vena cava 
just above the right renal vein which constricted this vein to approximately 
1.8mm. This was done as a necessary preliminary preparation for eviscer- 


TABLE 1 


UTILIZA- 
TION OF 
GLYCO- | GLUCOSE 
BLOOD SURIA PER KILO 
DURATION SUGAR AFTER | 


> ZATION PREOPERATIVE 
FT 
EVISCERA- BEFORE EVISCERA AFTER 
TION 


DIABETES EVISCER- TION FOR EVISCERA- 2" KILO = NUTRITIONAL STATE 
ATION 6 HOUR TION (cOR- 
PERIOD RECTED 
FOR GLY- 
COSURIA) 


grams grams 
0.042 O.217 Fed 
0.152 0.201 Fed 
252 0.149 Fed 
O18 0.053 Fed 
222, (0.115 Fasted 2 days 


ation (8). About two weeks later the remaining pancreas in the duodenal 
loop was removed. Complete evisceration, except for the urogenital 
system, was performed from 3 to 22 days after pancreatectomy. 

As shown in table 1 some animals were fed up to the time of the eviscera- 
tion and others were fasted for two or three days. Evisceration was 
done under ether anesthesia, the bladder washed and a catheter left in 
place in order to measure the glucose excreted during any given period. 
The blood sugar found immediately before evisceration was maintained 
after evisceration by the intermittent intravenous injection of glucose 
every thirty or sixty minutes. Glucose utilization was determined by 
subtracting the amount of sugar lost in the urine from the glucose ad- 
ministered intravenously to maintain the constant blood sugar level. 
Oxygen consumption was determined by connecting the tracheal cannula, 
which had been inserted at the time of evisceration, to a closed circuit 


BER 
grams days 

| F 1350 7 380 

2 M 1075 { 320 

3 M 1225 4 322 

4 M 1220 9 380 

5 F 1300 8 100 
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which contained a soda lime cartridge for the removal of CO2, and a pump 
to insure circulation of air, and a small Krogh spirometer to register the 
oxygen used. The temperature of the animal was maintained during 
evisceration by an ordinary electric heating pad. Kidney function was 
tested by the intravenous injection of 1 cc. of 0.1 per cent phenol red as 
previously described (5). Eleven animals were carried out in this way. 

Resutts. Any animals that did not appear absolutely normal after 
operation or did not have functioning kidneys were eliminated. The 
results are given in table 1 for animals that satisfied all requirements and 
in whom the glucose utilization rate was constant during the period of 


TABLE 2 


UTILIZA- 
TION OF GLYCO- 


GLUCOSE | SURIA 
WEIGHT | DURA- PER KILO | AFTER 
AFTER TION OF PERHOUR EVISCER- PREOPERATIVE 
EVISCER-| DIA- ATION |. 1.0 pen NUTRITIONAL STATE 
ATION BETES CERATION FOR6 


ATION (CORRECTED, HOUR 
FOR GLY- | PERIOD 
COSURIA) 


mgm, 


days per cent 


grams grams 

0 .224* | 0.041 Fed 

0 .324T 

0.109* 0.00 ‘ Fasted 2 days non-fast- 
0 .360T ing blood sugar 331 
0.172* 0.00 : Fasted 3 days non-fast- 
0 .383T ing blood sugar 364 
0.119* 0.00 F Fasted 3 days non-fast- 
0 .348F ing blood sugar 470 

M ) 0.174* 0.00 2% Fasted 2 days non-fast- 
0 .348F ing blood sugar 400 


* First 3 hours 
+ Last 3 hours 


determination. There was a group of animals that satisfied the require- 
ments above but in which the rate of glucose utilization increased pro- 
gressively the longer the determination was carried. We have noted this 
tvpe of behavior before in eviscerated rabbits (5) although it is not usual. 
Ordinarily the rate does not change significantly. These animals are given 
separately (table 2) as it appears to us that it would be a mistake to report 
the average figure for the glucose utilization rate when this has changed 
during the run. For these animals therefore we give both the rate for the 
first 3 hours of the run and that for the later period when it was much 


higher. It seems most likely that some unknown factor begins to operate 
as time goes on in these animals to increase their rates and that the rate 
found soon after operation is closest to the glucose utilization of the tissues 
before operation. 
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Discussion. We have not made muscle glycogen determinations in 
order to correct our utilization rates for the changes that might oceur in 
muscle glycogen, as is done by Soskin and Levine (10). In hepatectomized 
animals the muscle glycogen practically always stays level or goes down 


In doing glucose balance studies, if there is a rise in muscle glycogen it 


is proper that one should correct for the increase since it would probably 
have come from glucose. But it does not follow that one must make a 
similar correction for a drop in muscle glycogen when the liver is absent, 
for in such preparations there is no way for conversion of muscle glycogen 
to utilizable glucose. When muscle glycogen disappears from such animals 
it does not go to “spare’’ the glucose that has to be injected to keep the 
blood sugar constant; it seems chiefly to be changed to lactic acid which 
either accumulates in the body or is burned as such. 

Before anything else we would want to stress the need of caution in 
interpretation of results obtained from hepatectomized diabetic animals. 
Such animals sometimes show large changes in glucose utilization and one 
must guard against making too hasty conclusions from calculations based 
on such results. Young (11) on the figures from one such animal attempts 
to prove that fat must be changed to carbohydrate. If one wished to 
select certain results in our series one could make similar conclusions. 
The opposite could easily be proven with another selection. 

Our results support the contention that the tissues of the fasting diabetic 
animal use glucose at the same rate as the normal. Indeed the results 
of some of our animals would indicate that the rate is higher in the dia- 
beties, but there is the objection to these animals that their rates were not 
steady after operation, but increased after a time. No animal having 
a steady rate showed a higher rate than normal animals. If we aecept the 
view that the rates obtained during the first 3 hours after operation are 
the closest to the rates of sugar utilization by the tissues before operation, 
we obtain an average figure of 138 mgm. per kilo per hour. ‘To supply such 
an amount of glucose to the tissues would not necessitate a conversion of 
fat to glucose. The fasting rabbit excretes about 25 mgm. of nitrogen 
per kilo per hour and if we accept a D:N ratio of 6 (12) this amount of 
glucose could be supplied by the conversion of the protein to glucose. 

We confirm the findings of Mann (6) and of Yater et al. (4) that diabetic 
tissues can and do utilize glucose. In addition we can conclude that quan- 
titatively the tissues of the fasted eviscerated diabetic rabbit utilize glucose 
at the same rate as the normal fasted hepatectomized rabbit which is 
125 mgm. per kilo per hour (13). The simple hepatectomized rabbit has 
his pancreas intact and there is no reason to suppose that it is not func- 
tioning in a normal manner. We may conclude then that the presence or 
absence of the pancreas has no effect on the rate of oxidation of glucose by 
the tissues of the fasting animal. Our results do not bear on the problem 
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of glucose utilization as a source of muscle energy in the normal and diabetic 
states. Muscle activity in our animals was quite low. It might well be 
that there could be a difference in the glucose utilization of diabetics and 
normal animals after hepatectomy, if there were a high turnover of muscle 
energy. Such a difference has been suggested by Yater et al. (4), based 
on their own findings and those of Cruikshank (14) and of Knowlton and 
Starling (15). In our work we may be only comparing utilizations of 
‘“‘basal’”’ tissues like the brain, heart and resting muscle. 

One cannot determine the glucose utilization rate of the fed hepateec- 
tomized rabbit since here there would be an undetermined absorption 
of glucose from the intestine. When we compare the fed normal and the 
fed diabetic rabbit after evisceration, we find again that quantitatively 
the tissue utilization of glucose is the same. We have found an average 
of 198 mgm. per kilo per hour for the eviscerated fed diabetic rabbit (after 
eliminating rabbit 4 in table 1 on account of the low oxygen utilization). 
Bergman and Drury have found that the eviscerated fed rabbit used 
glucose at the rate of 206 mgm. per kilo per hour (5). They also showed 
that the increase in rate over fasted eviscerated rabbits (110 mgm. per 
kilo per hour) was not connected with any insulin mechanism. However, 
even with this increase the glucose utilization is not enough to take care 
of the entire needs of the body. We have obtained an average oxygen 
consumption of eviscerated rabbits of 385 cc. per kilo per hour; such an 
amount of oxygen could burn 470 mgm. of glucose. If then in the fed 
state, an animal can obtain all his energy from the burning of glucose he 
cannot do so entirely by mechanisms present in the eviscerated animal. 
There must be other mechanisms in the ‘“‘non-eviscerated”’ or intact animal 
which play a réle in the burning of glucose. It is possible that the pan- 
creatic function is such a mechanism and that in the fed intact animal 
insulin increases the oxidation of sugar and that the difference noted above 
may be taken eare of by a burning of glucose mediated by insulin. 


SUMMARY 


Evidence is presented for caution in drawing too hasty conclusions 
as to the glucose utilization rates of hepatectomized or eviscerated animals; 
particular care must be exercised in case the animal is already diabetic. 

Our results indicate that under basal conditions the glucose utilization 
rate of diabetic tissues is the same as that of normal. 

The amount of glucose needed to keep diabetic eviscerated animals in a 
steady state accounts for between a sixth and a third of the energy re- 
quirements of the animals. The same is the case for normals after 
evisceration. 
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In an earlier investigation, Gellhorn in collaboration with Ingraham and 
Moldavsky (1938-39) and Kraines (1939) showed that in hypoglycemia, 
the blood pressure response to anoxia is markedly increased during the 
hypoglycemic state. Similarly it was found (Yesinick and Gellhorn, 1939) 
that anoxia as well as hypoglycemia increases the blood pressure response to 
a standardized raised intracranial pressure. Provided that the period of 
anoxia is not too long, anoxia may show a greater blood sugar raising 
effect during hypoglycemia than is observed at normal blood sugar levels 
(Gellhorn and Packer, 1939-40). All these effects could be understood on 
the basis that anoxia as well as hypoglycemia diminishes the rate of oxida- 
tions in the central nervous system. Therefore, the two factors combined 
would have a greater effect than each one separately. The question arose 
as to whether during the state of hypoglycemia the sympathetic centers 
are in a state of increased excitability which results in increased reactivity 
even to other factors which do not influence the metabolism of the brain 
as profoundly as anoxia. For this reason, experiments were performed on 
the interaction of carbon dioxide and hypoglycemia relative to the blood 
pressure in normal anesthetized dogs and in animals with the buffer nerves 
removed. ; 

Metuop. ‘The experiments were performed on 14 dogs anesthetized 
with 55 mgm./kgm. sodium amytal intraperitoneally. Artificial respi- 
ration was instituted, the femoral vein was cannulated and the blood 
pressure was recorded from the carotid artery. In the “denervated” 
dogs both vagi were cut and the carotid sinuses were removed bilaterally. 
The success of the complete denervation was tested by the blood pressure 
reaction to gas mixtures low in oxygen (Gellhorn and Lambert). The 
dogs inhaled CO.-air mixtures from Douglas bags which varied in con- 
centrations between 5 and 15 per cent for periods of 1 to 2 minutes. In- 
sulin (Lilly)? was used and 3 units/kgm. were given intravenously and the 
same quantity intramuscularly. The blood sugar was determined by the 

1 Aided by a grant from the John and Mary Markle Foundation. 

? Kindly supplied by Eli Lilly & Co. 
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Somogyi modification of the Shaft r-Hartman method Phe prot 
precipitated by zine sulfate and barium hvdroxid 

Resutts. A typical result (fig. 1) shows that with t 
the blood pressure rises considerably more in response 
than it does at normal blood sugar level. When low concentrations 
5 per cent of COs are used, it Is frequently seen that at normal blood sugar 
level, the blood Pressure remadhs unchanged, but shows ra considerable 


rise When the blood sugar has fallen to 40 mgm. per cent o1 


A 15% 


Blood 
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higher concentrations of COs. (15 per cent) are used, the blood pressure 
response at normal sugar level is somewhat variable in different animals 
Sometimes it is found that the blood pressure shows a moderate fall. In 
other cases fig. 1) the blood Pressure rises after a slight initial fall | wre 
| shows that when the blood sugar falls to 30.6 mgm. per cent, the blood 
pressure rises immediately in response to 15 per cent COs and this rise 
is greatly increased when the blood sugar falls to a still lower level (24.6 


mgm. percent). The reaction is quite reversible as shown by the furthes 


0 
4 15%CO2 4 4 
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course of the experiment illustrated in figure 1. Not infrequently, the 
blood sugar will fall again due to the continued action of insulin after it 
hiss temporarily been restored to approximately normal levels by the in- 
ection ol glucose It that is the Cause, the increased rise of blood pressure 
In response to carbon dioxide may occur again. 

\ closer scrutiny of figure | shows that whereas in the control experiment 
at the beginning (no. 2) the inhalation of COsalters the blood pressure level 
Without re vealing funny changes in heart action, the heart action becomes 
irre@ulal and marked Vag pulses appear as the blood sugar falls This 
seems to indicate that hypoglycemia sensitizes not only the vasomotor but 
slso the cardiombhibitory center to carbon dioxide*® but it is interesting to 
note that im spite ol marked \ agal stimulation, the total effect on the blood 
ressure Is that of increased sympathetic and not parasvmpathetic activity 
\pparenthy hvpoglyvcemia sensitizes the parasvimpathetic svstem to CO. 

psuch a degree that even after restoration of the blood sugar to SS) mem 
pulse occur response to carbon dioxide although the 
tie excitability has been restored to a normal level 
her series of experiments, the effeet of carbon dioxide inhalation 
the blood pressure during hypoglycemia was studied in animals in which 
nerves had been removed. Figure 2 shows a typical exampl 
1. the dog inhaled 7.1 per cent Oy, for 2 minutes and showed a fall in 
blood presstre whieh is characteristic of the “denervated” animal (Gellhorn 
1939 Then 5.4 and 15 per cent COs were inhaled for 
tes respective l\ In both cases, the blood pressure fell but 
the low concentration of carbon dioxide, the alteration in blood pres- 
was very slight. When, after injection of insulin, the blood pressure 
»21 mgm. per cent, the lower concentration of carbon dioxide 
‘aused a verv marked rise in blood pressure but even with 15 per cent COs a 
rise blood pressure Was obtained Injection ol the reactions 
ere completely reversible. 

The experiments show clearly that under conditions of hypoglycemia, 
the vasomotor center is sensitized to carbon dioxide in a similar way as 

is been found previously with regard to anoxia. In the studies on anoxia, 
this sensitizing action referred not to a direct interaction of anoxia and 
vpoglvcemia on the vasomotor center, but rather to an increased response 
the vasomotor center to the excitatory impulses originating in the 
hemoreceptors of the carotid sinus and the arch of the aorta. Since in 
the present experiments, the sensitization holds true for both the normal 
ie “denervated” animal, it may be said that the vasomotor center 


ix sensitized to carbon dioxide by hypoglycemia. The occurrence 


agal impulses during the inhalation of COs in the hypoglycemic animey 


H ins, Bouckaert and Samaan (1933) rgport that carbon dioxide acts directly 
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Indicates that not only the <vmpathetic but also the 1 agal eenter is sensti- 
tized to CO, but it is characteristic that the normal preponderance of the 


svimpathetic over the parasvmpathetie is not only maintamed but greath 
increased in hvpoglveemia as the blood Pressure Indicates (et 


Domm and CGellhorn) \s to the fact that a depressor response 


to high 
concentrations of carbon dioxide is changed into a pressor response in 
Phe blood 


the following explanation seoms probable 


pressure effect of carbon dioxide is the resultant of its peripheral act 
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the blood vessels (vasodilatation) and its stimulation of the vasomotor 


center, If the former is strong enough, a fallin blood pressure may supe. 


vene In such a case the greatly increased response of the vasomotor 


center to carbon dioxide which occurs in hypoglycemia may be sufficient 
to counteract the peripheral effects of CO. and result in a marked pressor 


The situation is similar to that observed by Lambert and Crell- 


thr 


response, 


horn in their studies on the influence of various depths of narcosis on 
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SUMMARY AND CONCLUSIONS 


kexperiments are reported in Which in anesthetized normal dogs with and 
without buffer nerves, the blood pressure response to various concentra- 
tions of carbon dioxide was determined at various blood sugar levels It 
was found that the blood pressure rise to COs increases with falling blood 
sugal If, as is frequently the case when high concentrations (15 per cent 
of carbon dioxide are used, the response to COs at a normal blood sugar 
level consists ina fallin blood pressure, this reaction may be converted into 
arise When the blood sugar falls below 40 mgm. per cent. The reaction is 
completely reversible on injection of glucose. 

It is.seen not infrequently that at a low blood sugar level, vagal pulses 
appear in response to carbon dioxide indicating that svmpathetie and 
parasvmpathetic centers are sensitized to carbon dioxide by the hypo- 
glycemic state However, the physiological predominance of the svm- 


pat he tic over the parasvmpathetic is not only maintained but increased in 


hypoglycemia 
tddendum Van Harreveld and MeRary (Proc. Soc. Exp. Biol. Med., 


43: 564, 1940) interpret our earlier work on the interaction of anoxia and 


hypoglycemia as due to a diminution of the buffer reflexes rather than to 
an increased excitability of medullary centers The experiments described 
in this paper which show an increased response to COs even in the ‘dener- 
vated” animal Clearly disprove this interpretation. Moreover, our inter- 
pretation is supported by Yesinick and Gellhorn (this JouRNAL 128: 485. 
1939) who found that increased intracranial pressure produces a greater 
rise in blood pressure during hypoglycemia than at normal blood sugar 


and that this effeet persists in the absence of the buffer nerves. 
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In 1939 McQuarrie and Ziegler published investigations in which thes 
studied the effect of prolonged anoxia on the sensitivity of dogs to in- 
sulin convulsions. They observed that whereas dogs not subjected to 
anoxia showed regularly insulin convulsions, these were absent when the 
animals were subjected to anoxia of varying degrees of severity for sev- 
eral hours. Furthermore, McQuarrie and Ziegler established the im- 
portant fact that convulsions were absent although the blood sugar level 
in the dog subjected to anoxia and hypoglycemia was lower than in the 
dog treated with insulin alone. The experiments were conducted in a 
similar manner as those by Glickman and Gellhorn (1938) the main differ- 
ence being that these authors used rats instead of dogs and produced 
anoxia, not by the inhalation of suitable oxygen-nitrogen mixtures, but 
by reducing the barometric pressure. Nevertheless the results were ap- 
parently in contradiction to those observed by McQuarrie and Ziegler 
since in rats subjected to insulin and lowered barometric pressure convul- 
sions occurred earlier and showed a much greater fatality rate than was 
observed in animals subjected to insulin alone. In order to explain this 
apparent discrepancy, experiments were carried out in which the interac- 
tion of anoxia and hypoglycemia involving convulsive insulin concentra- 
tions was studied in two different species. For one, the rabbit was chosen 
because numerous experiments proved that the unanesthetized rabbit 
lends itself particularly well to repeated studies on insulin hypoglycemia 
on account of the constancy of the hypoglycemic reaction. The other 
experiments were carried out in rats in a manner similar to that used in 
the work of Glickman and Gellhorn with the modification that now oxy- 
gen-nitrogen mixtures were employed instead of the low pressure chamber. 
In other words, conditions in the experiments performed on rats and rab- 
bits were practically identical. Therefore, this procedure should allow 
one to decide whether the discrepancy in the results of Glickman and Gell- 
horn and those of McQuarrie and Ziegler is due to species differences 
or to other factors. 


1 Aided by a grant from the John and Mary R. Markle Foundation. 
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Metuops. All animals were starved for eighteen hours prior to ex- 
periment. Insulin (Eh Lilly & Co.)? was injected subcutaneously in 
rabbits (2.5 units/kgm.) and intraperitoneally (10 units/kgm.) in rats 
Oxygen-nitrogen mixtures containing 7 per cent oxygen were made by the 
use of calibrated flow meters. They were administered to the rabbits 
by means of a metal tube which served as a head holder and was provided 
on one side with a perforated rubber dam sealing the mouth airtight. 
The gas mixtures were inhaled from Douglas bags through two valves. 
The rats were placed in airtight glass bottles, through which the gas 


TABLE 1 


MINUTES AFTER INJECTION OF INSULIN 
OCCURRENCE OF CONVULSIONS 
0 60 | 90 120 


(A) The effect of 2.5 units of insulin per kgm. on the blood sugar of rabbits 


27.8 At 106 minutes 
30.6 At 103 minutes 
30.6 At 102 minutes 
27.8 At 91 minutes 
22.2 At 115 minutes 

At 83 minutes 


ow ore 


The effect of 2.5 units of insulin per kgm. on the blood sugar of rabbits 
subjected to 7 per cent oxygen* 


29. 25.0 3.2 None 
27. 24. None 
33.3 24. 24. None 
25 27. None 
24 25. None 
39 15. None 
* The inhalation of 7 per cent O2 was begun immediately after the injection of 
insulin and was continued for 2 hours. 


mixture was drawn by suction at a speed several times greater than that 
corresponding to their minute volume of respiration. The gas mixtures 
were administered for two hours immediately after the injection of in- 
sulin. No anesthetic was used. 

ResuLts. Our experiments show, first, that the administration of 
anoxia for two hours prevented the occurrence of convulsions in rabbits 
subjected to convulsive doses of insulin. Secondly, they show that in 
spite of this fact, the blood sugar values observed were even slightly lower 
in the insulin-anoxia experiments than in the insulin controls. The mini- 


mum blood sugar value observed in six anoxia-insulin experiments was 


* Kindly supplied by Eli Lilly & Co. 


82. 30.6 

81 32.2 

78 38.7 

91 32.2 

93 24.1 

72.0 28.5 
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23.4 mgm. per cent whereas it was 27.9 mgm. per cent in six control 
experiments carried out without anoxia. This confirms McQuarrie and 
Ziegler’s work and extends it to the rabbit. 

MeQuarrie and Ziegler had observed also that it is possible in dogs to 
prevent insulin convulsions by the inhalation of 15 per cent COz in air, 
whereas convulsions regularly occur when the animal inhaled 15 per cent 
CO: in oxygen. This observation implies that when the animal inhaled 
15 per cent COz for a long time, some condition of anoxia evolves. ‘Table 
2 shows ten experiments in which rabbits were subjected to two hours of 
15 per cent COzg after 2.5 U insulin per kilo were injected. In eight out 
of ten experiments the respiratory volumes were also determined at vari- 


TABLE 2 
The effect of 2.5 units insulin per kgm. on the blood sugar of rabbits which 
inhaled 16 per cent COz for 2 hours after the injection 


BLOOD SUGAR IN MGM. “>, MINUTES AFTER RESPIRATORY VOLUME (L/MIN.) 
INJECTION DURING INTERVAL 
CONVULSIONS 


90 ‘ 0-30 60-90 90-120 


None 

None 

0.16 None 

36 ‘ None 

Al None 
.00 At 112 min 

49 28 None 

Al None 

17 3.24 None 

86 None 


1 © 


5 


~ 


or 


t 


27 


31.% 


7 
3 
5 
8 


w 


(Struggle!) 


ous intervals. It is seen that only one out of ten animals showed convul- 
sions. Furthermore, in most of them, although not in all, the blood sugar 
reached convulsive levels. (Compare these values with the blood sugar 
values obtained in the 2.5 U/kgm. insulin control experiments shown in 
table 1.) In four out of eight experiments, it is seen that the respiratory 
volume greatly decreases during the course of the experiment, indicating 
that in these cases a very marked anoxia is produced. This, however, 
does not apply to the other four experiments in which the respiratory 
volume is either not reduced or is even increased. Since in three out of 
four experiments, convulsions are prevented in spite of adequate respira- 
tion, it seems to follow that CO, has some independent effect in preventing 
insulin convulsions. This has been confirmed in regard to other con- 


* Compare also Gellhorn and Packer (1940). 


0 60 | 
84.9 50.5 24.1 22.2 
78.5 47.3 40.8 38.7 
72.0 41 20 (0.91 
92.8 35. 34 3.63 
93.5 28 40 1.48 
82 38 70 3.81 
91 28 91 1.35 
136 60 (0.24 
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83 7 24.1 25.0 0.99 3.36 
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vulsive drugs in cats in experiments which will be reported elsewhere 
(Yesinick and Gellhorn). 

Experiments in rats showed that although the rats subjected to 7 per 
cent oxygen for two hours did not show any untoward effects, it was 


found that when they were subjected to 7 per cent oxygen plus insulin 


convulsions started much earlier and occurred more frequently than 
when insulin alone was administered. Table 3 shows that eight out of 
twelve rats showed hypoglycemic convulsions when injected with 10 units 
of insulin/kgm. and that ten out of twelve rats convulsed when injected 
with the same amount of insulin and subjected to 7 per cent oxygen at 
the same time. The latent period varied between 141 and 228 minutes 
in the first and 22 and 107 minutes in the latter group. The experiments 
confirm the work of Glickman and Gellhorn but are more striking than 
the results of these authors since in our new experiments no overlap exists 
in the latent periods of convulsions in the two groups. There is not 
only a quantitative but also a qualitative confirmation of the earlier work 
of Glickman and Gellhorn. It was mentioned in our earlier work that 
the type of convulsions which rats showed after insulin plus anoxia, the 
latter induced by the lowering of the barometric pressure, was quite 
different from that observed in rats subjected to insulin alone. It resem- 
bled more anoxic convulsions which may be seen either by employing 
oxygen-nitrogen mixtures very low in oxygen or by reducing markedly 
the barometric pressure. Glickman and Gellhorn came to the conclusion 
that “It appears as if the insulin injected animals were suffering from a 
relative anoxia which is greatly aggravated when the animals are exposed 
to a reduced oxygen pressure, although the latter is entirely harmless to 
non-insulinized control animals.”’ These observations are fully confirmed 
in the present set of experiments. We have other indications of the 
essential anoxic nature of the convulsions in the animals treated with 
insulin and 7 per cent oxygen. Rats injected with insulin alone show 
convulsions that last for several minutes consisting of vigorous clonic- 
tonic discharges. These were almost immediately relieved by intraperi- 
toneal injection of glucose. In sharp contradistinction to this phenome- 
non, it is found that rats subjected to anoxia plus insulin show very brief 
clonic convulsions lasting only a few seconds. In these cases the injection 
of glucose is of no benefit. The animals frequently die even before glu- 
cose can be injected. The anoxic nature of the convulsions observed in 
rats is substantiated by the third group of experiments reported in table 
3. Ten rats were again subjected to insulin and 7 per cent oxygen and 
early convulsions of the anoxic type occurred in all animals. As soon as 
they appeared, 100 per cent oxygen was administered and continued for 
about twenty minutes. Seven out of ten rats recovered whereas none of 
the animals recuperated when injected with glucose (group II of table 3). 


rABLE 3 
I. Effect of 10 units insulin) kgm. (intra per 


LATENT PERIOD OF HYPO- 


NU 
MBER GLYCEMIC CONVULSIONS 


REMARKS 
minutes 
22% 


228 tecover on injection of glucose 


tecover on injection of glucose 


10 > Recover on injection of glucose 
1] 


12 


II. Effect of 10 units insulin/kgm. (intraperitoneally) on rats subjected , 


2 hours to inhalation of 7 per cent oxygen 


LATENT PERIOD OF CON- 


a VULSIONS (ANOXIC TYPE) 


REMARKS 
minutes 
28 
51 All died in spite of injection of glucose 
107 
x 
37 
18 ; All died in spite of injection of glucose 
63 
9 27 
10 22 
1] 23 
12 61 


All died in spite of injection of glucose 


IIT, Effect of 10 units insulin/kgm. (intraperitoneally) on rats subjected for 
2 hours to inhalation of 7 per cent oxygen 


LATENT PERIOD OF 
NUMBER CONVULSIONS 
(ANOXIC TYPE) 


TREATED IMMEDIATELY SHOW HYPOGLYCEMIC 
WITH OXYGEN CONVULSIONS AFTER 


minutes minutes 

Recover 179* 
Died 
Recover 
Recover 
Recover 
Recover 
Recover 
Died 
Died 

94 Recover 


* All recover on injection of glucose. 
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Moreover, it was found that some of the rats thus saved from the other- 
wise fatal effect of anoxia during insulin hypoglycemia, showed two to 
three hours later hypoglycemic convulsions which could be promptly 
alleviated by injection of glucose. 

We therefore come to the conclusion that the rabbits in our experiments 
behaved similarly to the dogs in the experiments of McQuarrie and Zieg- 
ler. In these animals, insulin convulsions are prevented by anoxia. In 
the rats, however, no matter whether a low barometric pressure or the 
inhalation of oxygen-nitrogen mixtures is used for inducing anoxia, the 
animals subjected to insulin plus anoxia die under convulsions, whereas 
convulsions occur only later or not at all in the animals treated with in- 
sulin alone. But it seems to be unfair to conclude from these experiments 
that insulin convulsions are prevented by anoxia in rabbits and dogs but 
are precipitated by anoxia in rats. In confirmation of the earlier work of 
Glickman and Gellhorn, we found in our new experiments on rats that the 
convulsions observed in hypoglycemic and anoxic animals are definitely 
of an anoxic and not of a hypoglycemic nature. We may, therefore, say 
that in all animals thus far studied with regard to the interaction of 
anoxia and hypoglycemia, anoxia prevents insulin convulsions, but in 
the rats, anoxic convulsions occur which are not seen either in the dog or 
in the rabbit subjected to similar procedures. If we take into considera- 
tion the fact that both hypoglycemia and anoxia diminish the rate of 
oxidations in the brain, the difference between rats on one side and rabbits 
and dogs on the other side seems to be not a difference in sensitivity to 
hypoglycemic convulsions but a difference in sensitivity to oxygen defi- 
ciency. In the case of rats, anoxia when superimposed on hypoglycemia, 
creates such a diminution of oxidative processes in the brain that these 
animals show anoxic convulsions. Rabbits in general do not show these 
symptoms, althpugh in a few cases with denervated adrenals we saw a 
similar behavior and then the injection of glucose was of no avail. The 
conclusion which we arrive at that a similar diminution in the oxidation 
rate of the brain may produce more marked anoxic symptoms in rats than 
in rabbits and dogs, is supported by the experience of Haldane that 
small animals such as mice and birds are more sensitive to carbon monox- 
ide than are larger animals, including man. It is this specific sensitivity 
to anoxia, characteristic of small animals with a high metabolic rate, 
which accounts for the differences observed in the two groups of experi- 
ments. The conclusion seems imperative that insulin convulsions re- 
quire a higher degree of oxygenation of the brain centers than is present 
when the animals are subjected to anoxia during the hypoglycemic state. 
The occurrence of anoxic convulsions in rats subjected to insulin plus 
7 per cent oxygen furnishes a further illustration of the synergistic action 
of anoxia and hypoglycemia on the central nervous system (cf. Gellhorn 
and collaborators, 1938-1940). 
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SUMMARY 


1. Rabbits injected with 2.5 units of insulin subcutaneously and sub- 


jected to 7 per cent oxygen for two hours do not show insulin convulsions 
in spite of convulsive blood sugar levels. This confirms the work of Me- 
Quarrie and Ziegler. If, instead of low oxygen, 15 per cent COs is in- 
haled, the results are similar to the experiments with anoxia. In 50 per 


cent of the rabbits, marked signs of respiratory failure are observed indi- 
cating that under these conditions, a marked diminution in the oxidative 
processes takes place also. 

2. In experiments performed on rats which were given 10 units of in- 
sulin/kgm. intraperitoneally and subjected to 7 per cent oxygen for two 
hours, the animals show convulsions much earlier than the control animals 
subjected to insulin alone, but the nature of these convulsions is anoxic 
and clinically different from insulin convulsions. This is confirmed by 
the fact that whereas injection of glucose immediately restores the animals 
suffering from insulin convulsions, it has no beneficial effect on animals 
showing anoxic convulsions. Moreover, such convulsions can be al- 
leviated by administration of pure oxygen. The difference in the behavior 
of rats and rabbits is explained on the basis of the greater oxygen sensi- 
tivity of small animals showing a high metabolic rate. It is concluded 
that in all species thus far studied, anoxia prevents insulin convulsions. 
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It has been shown repeatedly that when structures supplied by sympa- 


thetic nerves are deprived of their post-ganglionic supply, they become 
sensitive to circulating epinephrine. Likewise, when parasympathetically 


innervated muscle is deprived of its post-ganglionic supply, it contracts 
readily when in contact with acetylcholine. Shen and Cannon (1936) 
found that after excision of the ciliary ganglion in the cat, the paralyzed 
circular fibers of the iris constricted the pupil on the instillation of 1.0 
per cent acetylcholine into the conjunctival sac. This miosis was aug- 
mented by previous application of eserine. In this communication com- 
parative studies are reported of the effects of adrenaline and acetylcholine 
on the sympathetically and parasympathetically denervated irises of the 
cat and monkey.’ 

Meruop. In the following experiments, cats and monkeys (Macaca 
mulatta) were used. In 60 cats and 20 monkeys, the superior cervical 
ganglion was removed, and in 30 cats and 7 monkeys the short and long 
ciliary nerves were sectioned. The latter procedure was a modification 
of the operation devised by Anderson (1905), and used by Shen and Can- 
non (1936). The method of exposure of the ciliary nerves in the monkey 
was similar to that used in the cat except that in the former it was neces- 
sary to trephine the lateral wall of the bony orbit. 

The superior cervical ganglion was removed in the usual manner. The 
changes in pupillary diameter were recorded in most instances by measur- 
ing the horizontal diameter with a millimeter scale, and in some photo- 
graphically. 


' Aided by grants of the Josiah Macy Jr. Foundation and the Dazian Foundation 
for Medical Research 

? Dr. I. Abrahamson Fellow in Neuropsychiatry. 

>For purposes of brevity, the iris deprived of its post-ganglionic sympathetic 
nerve supply will be designated as the s.d., i.e., sympathetically denervated iris, 
while the iris of the eye in which the post-ganglionic ciliary and optic nerves were 
sectioned will be referred to as the c.d., i.e., completely denervated iris. In the 
completely denervated iris, both the sympathetic and parasympathetic nerve sup- 


plies were abolished 
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In order to visualize the pupil better, the nictitating membrane was 
removed in a number of cats. In chronic experiments, the eve was 
bandaged with 1:5000 bichloride of mereury ointment, so as to avoid 
ulcerations of the cornea. 

The drugs, i.e., adrenaline hydrochloride (Parke Davis) and acety!- 
choline hydrochloride (Merck) were used with the animal in most instances 
unanesthetized. The 1.0 per cent adrenaline solution used for local appli- 
cation to the eye was prepared from crystalline epinephrine bitartrate 
(Winthrop). All dilutions were made with saline to volume of 1.0 ce 
The dosages recorded in the subsequent experimental data are per kilo- 
gram of body weight, unless otherwise noted. 

Resuutts. I. Adrenaline (a) cat. The normal iris and that deprived 
of its sympathetic innervation by preganglionic section dilated with 
intravenous injections of adrenaline in amounts not less than 5 gamma, 


while the iris in which the post-ganglionic sympathetic fibers were cut 
dilated with much smaller doses. Intravenous injection of adrenaline, 
5 gamma or more, excited the radial fibers of the iris of the cat even 
immediately after their complete denervation. Following this opera- 


tion, the sensitivity of the denervated pupillodilator muscle to epinephrine 
increased with time. The minimal dose of epinephrine necessary to dilate 
the s.d. iris was 0.08 gamma. ‘The sensitivity of the radial fibers of the 
c.d. iris was even greater, 0.02 gamma produced a minimal dilatation 
When injected into the ipsilateral common carotid artery, the quan- 
tity of epinephrine required to dilate the ¢.d. iris was 0.0005 gamma. 

(b) Monkey. In the monkey, the sensitivity of the s.d. iris to intrave- 
nous injections of adrenaline was not as marked as in the cat. In only 
two macaques were 4.0 gamma of adrenaline effective in producing mydri- 
asis of the s.d. iris. In all other instances from 50 to 200 gamma were 
necessary. The mydriasis was never conspicuous or maximal, the pupil 
increasing only by 1.0 to 2.56 mm. over the original diameter. In three 
monkeys, the pupil became irregular and there was hemorrhage into the 
anterior chamber of the eye. In monkeys with preganglionic section at 
the stellate or at the middle cervical ganglion, large doses of intravenously 
injected adrenaline sometimes enlarged the ipsilateral pupil. The nor- 
mally innervated iris did not dilate with intravenous injections of adre- 
naline.* 

Unlike the cat, complete denervation of the monkey’s iris did not 


4 These pupillary dilator reactions noted in the cat and monkey, following the 
administration of adrenaline, are in accord with the observations of the mydriasis 
obtained when each is frightened. Frightening the cat produces a marked dilatation 
of the s.d. and c.d. irises presumably due to a discharge of adrenaline. In the monkey 
there is no change in pupillary diameter with fright and struggle unless cocaine is 
given locally or parenterally (Fulton, 1940). 
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enhance the sensitivity to epinephrine even when large doses ranging 
from 200 to 1000 gamma were employed. The mydriasis was slight 
and frequently did not occur. Instead a progressive constriction of the 
pupil ensued from 45 to 90 seconds after the adrenaline was injected 
(fig. LA). This delayed miosis of the ¢e.d. iris caused by adrenaline could 
be enhanced by eserine, given 15 minutes previously either in the con- 
junctival sae or intramuscularly, and could be diminished or abolished 
by parenteral atropine. Eserine thus given had no visible effect on the 
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Fig. 1 

Fig. 1. Three unanesthetized monkeys each with c.d. iris. At A, injected with 
adrenaline into saphenous vein. At B, injected with acetylcholine by vein. Note 
the long interval between injection of epinephrine, first point indicated, and ap- 
pearance of miosis following the drug injection. 

Fig. 2. Unanesthetized cat withc.d. iris. Weight2.8kgm. Effect of intravenous 
injections of acetylcholine on pupillary diameter in amounts as indicated. Pupillary 
constriction could be elicited immediately after the denervation. 

A. Comparative actions of adrenaline and acetylcholine. Note that the adre- 
naline mydriasis‘ appeared within the circulation time of 6 seconds, while acetyl- 
choline mydriasis was delayed and appeared twenty or more seconds after the drug 
was injected at first point. 

B. Variable constrictor and dilator effects of intravenous acetylcholine. Curve 
with squares represents that produced by intravenous injection of 200 gamma, with 
triangles 20 gamma and with circles 100 gamma of acetylcholine. 


pupil. The miosis due to adrenaline could not be elicited in every monkey 
tested, nor on every occasion. Furthermore, the phenomenon could be 
demonstrated only during the period in which the denervated pupillo- 
constrictor muscle was hypersensitive and readily contracted with acetyl- 
choline. 

II. Acetylcholine (a) cat. In the cat, intravenous injections of acetyl- 
choline up to 50 gamma had little effect on the normal iris. In doses 
greater than 6 to 10 gamma, dilatation of the s.d. iris occurred 14 to 30 
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seconds following the administration of the acetylcholine. This interval 
was considerably greater than the circulation time which is usually six 
seconds (fig. 2A). Eserine increased and atropine abolished or hindered 
the delayed mydriatic effect of acetylcholine. In most instances, bilateral 
adrenalectomy abolished the dilatation in the s.d. iris and diminished it 
in the normal iris. The s.d. and normal nictitating membranes retracted 
with acetylcholine even after bilateral adrenalectomy. 

In the c.d. iris of the cat, acetylcholine administered intravenously had 
a dual action, mydriatic and miotic (fig. 2B). The responses varied, but 
the dilator effect was the more frequent. Even when miosis did occur, 
it preceded or followed a mydriasis. At times no change in the pupil 
was noted. The constrictor effect of acetylcholine on the c.d. iris did not 
seem to depend on the quantity injected, for in the same cat 10 gamma 
were equally effective and ineffective. Intracarotid injections of acetyl- 
choline also yielded variable results; in one instance 4 gamma produced 
miosis, on other occasions there were no changes, even with as large a 
dose as 1 mgm. The constriction produced by acetylcholine appeared 
from 10 to 60 seconds after its intravenous injection into the uneserinized 
cat and persisted for many minutes, long after the acetylcholine must 
have disappeared from the circulation by the hydrolytic action of blood 
cholinesterase. Atropine, 1 mgm. intramuscularly, abolished the miotic 
and diminished the mydriatic effect of parenteral acetylcholine. With 
large doses of intravenously injected acetylcholine, 100 gamma or more, 
slight constriction of the c.d. iris could be elicited as early as 5 minutes 
after the denervation. At this early stage the usual secondary mydriasis 
was not observed. 

(b) Monkey. In the monkey, intravenous injections of acetylcholine 
produced constriction of the c.d. iris (fig. 1B). The constriction was 
augmented and prolonged by eserine injected parenterally or applied 
locally to the eye. This acetylcholine miosis was also an inconstant 
phenomenon but there were no apparent secondary effects on the pupil, 
such as the delayed mydriasis observed in the cat, even when large doses 
of acetylcholine, 1 to 4 mgm., were administered with or without previous 
eserinization. 

Discussion. After sectioning all the ciliary sympathetic and para- 
sympathetic nerves to the eye, both adrenergic and cholinergic sensitiza- 
tion phenomena may be demonstrated in the denervated iris; the pupil- 
lodilator muscle reacts with adrenaline while the pupilloconstrictor muscle 
reacts with acetylcholine. The actions of adrenaline and acetylcholine 
on the denervated iris of the cat differ from those of the monkey. The 
pupillary effects obtained with intravenous injections of these drugs may 
be determined by general and local reactions. 

A. General (reflex) reactions. The injection of an excess amount of one 
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of the autonomic substances causes a reflex discharge of the other in the 
hody. Feldberg and Minz (1931) demonstrated that acetylcholine in- 
jected into the circulation caused a secretion of epinephrine from the 
adrenal medulla of cats, dogs, and rabbits. Conversely, Krayer and 
Verney (1934) showed that when adrenaline was injected intravenously, 
there occurred a reflex discharge of acetylcholine into the coronary vein 
of the dog and cat. 

It is probable that the mydriasis of the denervated iris caused by acetyl- 
choline in the cat is in part due to a reflex discharge of epinephrine from 
the adrenal medulla. This is supported by the observations that bilateral 
adrenalectomy abolishes and in some instances diminishes the mydriasis 
caused by acetylcholine. The fact that bilateral adrenalectomy does not 
eliminate this mydriasis in every cat tested suggests that acetylcholine 
may release epinephrine from obscure accessory chromaffin bodies or 
stimulates the secretion of an adrenaline-like substance, such as sympathin, 
at the sympathetic nerve endings (Bacq, 1936; Cannon and Lissak, 1939). 
Using the s.d. nictitating membrane of the cat as an indicator, Bacq 
(1936) found that only after removal of the adrenals and complete sym- 
pathectomy does acetylcholine fail to retract the nictitating membrane. 
The mechanism of reflex discharge of epinephrine by acetylcholine may 
also exist in the monkey as it does in other species but the quantity so 
liberated may be insufficient to dilate the s.d. iris, which in this animal 
is found to have a low sensitivity to injected adrenaline. It is possible 
that if a different indicator were used, such as the denervated heart or 
intestine (Youmans et al., 1940), the reflexly liberated adrenaline or 
sympathin could be detected. The evidence and methods used to study 
the release of adrenaline by intravenously injected acetylcholine has been 
reviewed by Hermann et al., 1937. 

Just as acetylcholine can stimulate the secretion of adrenaline, so may 
adrenaline catise the liberation of acetylcholine (Krayer and Verney, 
1934). The constriction of the completely denervated iris of the monkey 


by intravenous injections of adrenaline may be due to a reflexly released 
parasympathomimetic substance. This is particularly likely since the 


miosis caused by adrenaline is augmented by eserine and occurs during 
the period the denervated pupilloconstrictor muscle is hypersensitive to 
acetylcholine. Additional presumptive evidence that the delayed pupil- 
lary constriction is due to a reflexly discharged chemical agent is found in 
experiments with.denervated facial muscles of monkeys. These dener- 
vated muscles, which are extremely sensitive to acetylcholine, contract 
from 40 to 150 seconds after the intravenous administration of large 
amounts of adrenaline (Bender, 1939). The contraction is augmented by 
eserine, and occurs only while the denervated facial muscles are sensitive 
to acetylcholine. Still another example in which denervated striated 
muscle reacts indirectly with adrenaline are the experiments of Mahoney 
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and Sheehan (1936), who found that 5 days after intracranial section of 
the oculomotor nerve the denervated levator palpebrarum contracted 
several minutes after the intramuscular injection of 2 mgm. of epinephrine. 
Since the denervated ocular muscles are highly sensitive and contract 
readily with acetylcholine (Bender and Fulton, 1939) it is implied that the 
delayed contraction produced by adrenaline is due to reflex liberation of 
a cholinergic substance. The origin of this hypothetical, reflexly liberated 
cholinergic substance in the body is obscure and there is a question whether 
the parasympathomimetic effects are due to acetylcholine per se. Feld- 
berg and Schriever (1936) found that intravenously injected adrenaline 
produced secretion of acetylcholine into the cerebrospinal fluid of eserin- 
ized dogs. According to these authors, the acetylcholine thus derived 
was not from the secretions of the vagal nerve endings. 

The absence of the cholinergic effect following parenteral injections of 
adrenaline in the cat may be more apparent than real. It is possible that 
the dilator fibers of the iris react more powerfully than the constrictor 
set. Since adrenaline excites the dilator fibers, the stimulation of the 
constrictor set by reflexly liberated acetylcholine may not be sufficient 
to overcome the adrenaline mydriasis. Thus although acetylcholine may 
be secreted after intravenous injection of large doses of adrenaline, its 
presence in the cat could not be detected by the sensitized body indicators 
described in this report. 

B. Local (direct) reactions. The radial and circular fibers of the iris 
each react with both adrenaline and acetylcholine. Cannon and Rosen- 
blueth (1935) reported that hepatic sympathin acts on both the radial and 
circular fibers of the iris of the cat. Also, Rosenblueth (1932), Morrison 
and Acheson (1938), and Rosenblueth and Cannon (1939) found that the 
nictitating membrane of the cat contracts with adrenaline and acetyl- 
choline, as we did. Similarly, it is conceivable that the constrictor and 
dilator sets of denervated fibers of the iris in the cat each react with acetyl- 
choline. Since the two sets of fibers are antagonistically arranged, the 
final effect is the resultant of the two opposing actions. In the eat the 
usual response to intravenous injections of acetylcholine or adrenaline is 


dilator and this suggests that the dilator fibers are the more powerful of 
the two groups. 


The same principle of a drug acting simultaneously on antagonistic 
sets of fibers of the iris may account for the adrenaline constriction of the 
c.d. iris of the monkey. In the monkey, however, in contrast to the cat, 
the pupilloconstrictor muscle may be stronger than the dilator fibers and, 
therefore, would respond with acetylcholine as well as with adrenaline. 
Although this hypothesis could explain the miosis of the c.d. iris it would 
hardly account for the phenomenon of contraction of the denervated 
facial striated muscles elicited by adrenaline in monkeys (Bender, 1939). 

Of the two explanations offered for the pupillary responses obtained 
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with the autonomic drugs the experimental evidence seems to favor the 
theory of general hormonal reaction, namely, an excess of acetylcholine 
causes secretion of adrenergic substance while excess of adrenaline causes 
liberation of a cholinergic substance in the body. Such reflex reactions 
neutralize the effects of the drugs introduced into the body and thus con- 
form with the widely established principle of homeostasis (Cannon, 1939). 

The foregoing data reveal that the cat responds to autonomic drugs 
chiefly with the dilator, while the monkey with the constrictor mechanism 
of the denervated iris. Since in this case the iris is free from nervous con- 
trol the changes in pupillary diameter must be due to an excitation of the 
iris fibers by a chemical agent either introduced or released within the 
body. - The chemical agents liberated within the organism are presum- 
ably adrenaline and acetylcholine. These findings are similar to those 
noted in conditions in which the autonomic system is hyperactivated such 
as in fright and struggle (Bender, 1938), and in insulin-hypoglycemia 
(Bender and Siegal, 1940). All observations considered together suggest 
that both adrenergic and cholinergic like substances are elaborated in 
each of the species and that the cat displays predominantly the sym- 
pathomimetic, whereas the monkey shows more of the parasympa- 
thomimetic reactions to the same stimuli. 


SUMMARY 


1. The denervated iris of the cat and monkey differs in the reactions 
to the autonomic drugs. In general the cat responds with its dilator 
while the monkey reacts with its constrictor-fibers of the iris. 

2. After sectioning of all the ciliary and optic nerves, the iris is rigid 
to all forms of neural stimuli but responds to chemical agents.  In- 
travenous injections of adrenaline produce a dilatation of the c.d. iris 
in the cat but a delayed miosis in the monkey. Intravenous injections of 
acetylcholine produce an inconstant constriction and a more frequent 
secondary dilatation in the cat while in the monkey there is only con- 
striction. 

3. The pupillary dilatation obtained after injections of acetylcholine 
in the cat is usually abolished by bilateral adrenalectomy. The pupillary 
constriction which is noted on intravenous injections of adrenaline in the 
monkey is potentiated by eserinization and occurs only while the con- 
strictor fibers of the iris are sensitive to acetylcholine. These facts sug- 
gest that excess of acetylcholine stimulates the secretion of adrenaline and 
excess of adrenaline stimulates the liberation of a cholinergic-like substance 
in the body. 
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The mechanism of the excretion of vitamin C in the human has been 
reported in a previous study (1, 2). It was found that in man ascorbic 
acid was excreted through filtration and active tubular reabsorption. The 
reabsorptive mechanism appeared to be limited by a maximal rate so 
that when the vitamin was presented to the tubules by the glomerular 
filtrate at a rate exceeding this maximum the excess was excreted in the 
urine. In a series of normals studied by us, and by Smith and his co- 
workers (3) it was found that the human kidney was capable of reabsorbing 
1.2 to 2.1 mgm. of vitamin C per 100 cc. of glomerular filtrate with an 
average of 1.7 mgm. per 100 cc. of glomerular filtrate or 2.0 mgm./min. 
At plasma levels below saturation (2) the vitamin was almost completely 
reabsorbed. This reabsorption, however, was never entirely complete 
and some ascorbic acid appeared in the urine regardless of the plasma con- 


centration. These data in the human appeared to uphold the hypothesis 
which treats tubular reabsorption as a phenomenon following the law of 
mass action (4). It was also shown that although in chemical structure 
vitamin C is related to the carbohydrates, it is not reabsorbed by the same 
mechanism as glucose. 


Because the dog is capable of synthesizing its own vitamin C, the mecha- 
nism by which this animal excretes the vitamin was studied. In this 
investigation simultaneous creatinine and vitamin C clearances were done 
as this provides a method for studving the mechanism of the excretion of 
ascorbie acid in the dog. 

PROCEDURE. Observations were made on four normal well-trained dogs 
kept on identical diets consisting of crackermeal 100 grams, skimmed 
milk 30 grams, yeast 10 grams, bone ash 4 grams, salt mixture 3 grams, 
meat powder 35 grams, cod liver oil 22 cc. The dogs were hydrated the 
day prior to the test and the morning of the experiment. The dogs were 
unanesthetized and loosely restrained upon a comfortable animal board. 


! This research was aided by a grant from the Josiah Macy Jr. Foundation. 
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Constant creatinine and varying ascorbic acid concentrations thi 
plasma were obtained by means of constant intravenous infusions. Urine 
was collected by an indwelling catheter and at the end of each period the 
bladder was emptied as completely as possible and washed out with saline 
Bloods were obtained at frequent intervals. 

Potassium oxalate was used in minimal quantities as an anticoagulant 
Vitamin C was determined in plasma by the method of Mindlin and 
Butler (5); and in urine by the method of Evelyn et al. (6). For cre- 
atinine, the plasma and urines were precipitated using the ferric sulphate- 
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Fig. 1. The relationship between the vitamin C creatinine clearance ratio and the 
plasma level of vitamin C 


barium carbonate method (7) and then determined by the Folin and Wu 
(1919) (8) method. 

Resutts. In all a total of 102 clearance periods were run on the four 
normal dogs. The plasma concentration of vitamin C was varied from 
0.40 to 10.9 mgm. per cent. The vitamin C/creatinine clearance ratio is 
plotted against plasma concentration in figure 1. It should be noted 
that the vitamin C clearance has a low value at low plasma ascorbic 
acid concentrations. As the plasma concentration was raised there was 
a sharp rise in the vitamin C clearance which approached the creatinine 
clearance as a limiting value. 

The data were analyzed to determine whether the renal tubules reab- 
sorbed the vitamin up to some maximal limiting rate after which any 
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vitamin present in the glomerular filtrate would be excreted in the urine. 
The absolute amount of the vitamin reabsorbed by the tubules was eal- 
culated by subtracting the amount excreted per minute from the amount 


TABLE 1 


Mazimal reabsorption of vitamin C 


FILTERED EXCRETED REABSORBED 
DOG 


Glomerular Glomerular Glomerular 
filtrate filtrate filtrate 


mgm. per mgm. per mgm, per mgm, per mgm, per 
100 cc. min. 100 ec. min. 100 ce. 


0. 0.04 08 35 0.7: 
2 .36 86 64 38 0.7: 
7.36 3.9: 42 


.39 
.00 


5.43 


TABLE 2 


Effect of hyperglycemia on the reabsorption of vitamin C 


CLEARANCES VITAMIN C 
PLASMA PLASMA CREATININE 
VITAMIN C GLUCOSE CLEARANCE 
Creatinine Glucose RATIO 


VITAMIN C REABSORBED 


mgm. ce. per ce. per mgm. per mgm. per 
per cent min. min. min. 100 ce. filtrate 


109 2.8 j 0.36 
114 22. 46.1 4 0.46 
120 20 .§ 47 .8 D 0.47 


510 2. 30.2 0.44 
510 24. 69 40.8 36 0.44 
510 i 33.6 .29 0.48 


filtered per minute. Assuming that the vitamin was completely filterable 
from the plasma the latter value was obtained by multiplying the cre- 
atinine clearance by the plasma concentration of the vitamin. 

Table 1 gives the quantity of vitamin C reabsorbed by the tubules in 
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mgm. mgm. 
percent. per min. 
100 0.80 0.39 
2 .36 1.24 
7 .36 4.37 
189 1.05 0.45 1.05 0.17 a 0.28 0.66 
1 .62 0.83 1 .62 0.51 1 0.32 0.62 
100 0.46 0.21 0.46 0 .004 0.01 0.45 
2.77 1.59 237 | 1.35 2.35 0.24 0.42 
211 2.51 1.38 2.5) 1.03 1.88 0.35 0.63 
6.49 4.28 6.49 3.90 5.91 0.38 0.58 
190 2.88 1.64 1: 2.03 0.43 0.74 
5.43 2.91 2.53 0.38 0.71 
mgm. 
0.90 
0 .87 
0 .84 
0.68 
0.68 
0.68 
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33 observations in 3 dogs at 10 different plasma levels, each figure being 
the average of 3 observations. These data indicate that there is a limi- 
tation in the capacity of the renal tubules to reabsorb the vitamin and 
that it is this circumstance that leads to the increased excretion at elevated 
plasma levels. 

Another experiment was run in order to determine whether glucose and 
vitamin C were reabsorbed by acommon mechanism in the dog. Table 2 


gives the results of this test. When the plasma concentration of glucose 
was raised above 500 mgm. per cent, putting a maximum strain on the 
glucose reabsorptive svstem there was no impairment of the reabsorption 


of vitamin C. From this it may be inferred that the reabsorption of 
vitamin C and of glucose does not involve a common mechanism. 

The data were also analyzed with a view to determining whether or not 
the rate of urine flow affected the excretion of vitamin C. Absolutely no 
relationship was found between these two when the urine flow varied 
from 1.0 to 8.7 ce./minute. 

Discussion. The validity of the calculation of the active tubular re- 
absorption depends on the assumption that the vitamin is completely 
filterable at the glomerule. Leblond (9) has demonstrated that this cir- 
cumstance exists in the frog, and our work (1) on the human kidney also 
supports this viewpoint. The data indicate that vitamin C in the dog, 
as in man, is excreted only by filtration; that it is actively reabsorbed by 
the renal tubules, and that the factor which limits this reabsorptive 
process is the existence of a maximal rate. This phenomenon of a max- 
imal rate of transfer has been shown to obtain for glucose (10) and for 
vitamin C in man (1) and for the tubular excretion of many organic 
compounds (4). Shannon (4) has suggested that this limitation may fol- 
low from the circumstance that in the process of active transfer the sub- 
stance enters into reversible combination with some cellular element 
present in a limited and constant amount and it is the rate of decompo- 
sition of this complex which limits the progress of the over-all reaction 
of transfer. In the case of vitamin C this situation may be represented 
as follows: 


(1) A +B AB - Tr - B 
tubular cellular distal liberated 
ascorbic acid complex ascorbic acid cellular 
component 


Applying the law of mass action to such a condition the following rela- 
tionship (4) may be derived: 


(2) K = (a — Tr 
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where 7'm represents the maximal rate of tubular reabsorption, v the rate 
of glomerular filtration in units of 100 cc., a the plasma concentration, 7'r 
the calculated rate of tubular reabsorption and K a constant. 

The smooth curve shown in figure 1 was calculated with the following 
equation: 


(3) Vitamin C/creatinine clearance ratio = 


The values for Tr were obtained by using equation 2 in which the value 
for Tm was 0.52 mgm./100 ce. filtrate (the average maximal rate observed 
in all our observations); v was equal to 100 ce./mm. and K had a value 
of 0.01. 

The data obtained fit this calculated curve satisfactorily and indicate 
that the hypothesis upon which equations (1) and (2) are based can be 
used to describe the reabsorptive system at all plasma concentrations 
examined in the dog. 

Therefore, in the dog, ascorbic acid is excreted by filtration and active 
tubular reabsorption, and the excretion of vitamin C is dependent upon 
the plasma concentration of the vitamin, the rate of glomerular filtration, 
and the maximal rate of tubular reabsorption. This mechanism of the 
excretion in an animal capable of synthesizing its own ascorbic acid is 
similar to the mechanism by which man excretes the vitamin (1). How- 
ever, the ability of the tubules to reabsorb the vitamin in the dog (0.52 
mgm./100 ec. filtrate) is much less than that of man, e.g., 1.7 mgm./100 
ce. filtrate. 

SUMMARY 

1. Simultaneous vitamin C and creatinine clearances in the normal dog 
show that ascorbic acid is excreted by filtration and active tubular reab- 
sorption. 


2. The reabsorptive mechanism for vitamin C appears to be limited 


by a maximal rate so that when the vitamin is presented to the tubules 
by the glomerular filtrate at a rate exceeding this maximum the excess is 
excreted in the urine. 

3. Vitamin C is not reabsorbed by the same mechanism as glucose. 
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The problem of chemical transmission of motor nerve impulses to volun- 
tary muscle has been approached by Marnay and Nachmansohn (1) by 
studying the choline esterolytic activity of various portions of the sartorius 
muscle of the European frog (Rana esculenta). Pezard and May (2) 
previously had shown that the pelvic one-fifth of this frog’s sartorius has 
few motor nerve endings, while the adjacent or second fifth is richest in 
nerve endings and the third fifth has somewhat fewer than the second. 
Marnay and Nachmansohn determined the choline esterase present in 


these three portions and found that the second fifth has approximately) 


seven times and the third fifth approximately four times the hydrolytic 
activity of the pelvic fifth. They also found that the sciatic nerve has 
approximately eight times the esterolytic activity shown by the pelvic 
fifth of the muscle and concluded that this difference in activity of the 
various portions of the muscle could not be attributed to the presence of 
nerve fibers alone, but must be evidence ofa concentration of the enzyme 
at the nerve endings. From their data they calculate that 0.001 ug. of 
acetylcholine can be hydrolysed at the nerve endings of a sartorius muscle 
weighing 300 mgm. during the refractory period of the muscle. 

Confirmation of this work comes from similar studies on the sartorius 
of the toad made by Feng and Ting (3) but under different experimental 
conditions. They found that the pelvic one-fourth has much less choline 
esterase than the portion of muscle near the nerve entrance. 

In view of the discrepancies in experimental conditions between the 
work of Marnay and Nachmansohn and that of Feng and Ting, it was 
deemed desirable to obtain data on Rana pipiens, the frog commonly used 
in this country for experimental work, and some experiments are herewith 
reported using the procedure of Marnay and Nachmansohn 

MeruHop. Sartorius muscles of Rana pipiens were removed and divided 
as quickly as possible into five equal portions. Those portions repre- 

1 Supported in part by a grant from a Fiuid Research Fund furnished by the 
Rockefeller Foundation. 
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senting the pelvic, second, and third fifths of the muscles were weighed 
and ground with quartz powder and Ringer solution to form a suspension 
of the tissue. This suspension was transferred to volumetric flasks and 
made to the desired volume with Ringer solution which had the same com- 
position as that used by Marnay and Nachmansohn. After shaking 
thoroughly each time, 4 cc. portions of this suspension were transferred 
to Warburg vessels. The side-bulbs contained 0.5 ee. (10 mgm.) of acetyl- 
choline bromide which will give an initial concentration of 1.6 mgm. of 
acetylcholine in 1 ec. The vessels were equilibrated with a 5 per cent 
COs-Ne2 mixture; they were then tipped and the production of CO, was 
followed, in most cases, for 120 minutes. The temperature of the bath 
was 18°C. 

In preliminary experiments no spontaneous hydrolysis of acetylcholine, 
nor spontaneous production of acid by the tissues, was found under these 
experimental conditions. 

Previous experiments by one of us (4) have shown the necessity of pro- 
stigmine or physostigmine controls, since one sometimes gets hydrolysis 
of acetylcholine which is not due to choline esterase. Such controls in the 
experiments reported here showed that there was no hydrolysis of the ester 
by muscle with physostigmine present in a dilution of 1:10,000. 

When working with biological fluids or tissue suspensions, buffers other 
than NaHCO; are present, and the production of CO, is not equivalent to 
the acetylcholine hydrolysed. This necessitates the addition of an acid 
retention factor to the vessel constant. Warburg, Kubowitz and Christian 
(5) have devised an experimental method for determining a composite 
flask constant (Ky) for serum by adding a known quantity (Xco,) of lactic 
acid to the serum in the presence of an excess of NaHCO; and measuring 
the COz pressure (h) which is developed. The flask constant for each 
vessel is calculated from their equation: 


(1) Xco: 
h 


Since in our work varying weights of tissue are used, Ky would not be 
constant from one experiment to another, and, in order to apply this method 
to the conditions of our experiments, it has been necessary to break the 
composite factor into its component parts: 


(2) Ky = Keine AKu 


where AKy is the retention factor for the particular weight of tissue used. 
From equation (2) AKy may be calculated since K&** is known for 


each flask and Ky may be experimentally determined. Assuming that 
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AKy is proportional to the weight (w) of tissue, the retention factor per 
milligram of tissue (A’Ky) may be calculated as follows 
(3) A’K “=> > 

w 
Knowing A’Ky for each vessel, the value of Ky for a particular weight of 
tissue may be calculated as follows 


4) Ky = + (w X A’Ky). 
From the value of Ay for a particular weight of tissue and vessel, the 
volume of COs, in cubic millimeters produced during the experimental! 


period will follow by rearrangement of equation (1): 


Xco: = hKy. 


The value of A’Ky for each vessel was determined in several experi 


ments using quantities of tissue which varied from 56 to 116 mgm. 


rABLE 1 
Values of K 4 for 100 mgm. of muscle calculated from experimentally determined values 
of A'K yy 


VESSEL NUMBER 


4 
WEIGHT OF 
TISSUE 
K Ringer USED 
CO, 


mgm 
744 62 
812 115 
810 116 
838 115 
.822 116 
820 100 
850 56 


.764 56 


Resutts. In order that the results obtained from the determinations 
of the acid retention factor may be compared more easily, the Ky values 
for 100 mgm. of tissue have been calculated from equation (4) above, using 
the values of A’Ky which were experimentally determined with different 
weights of tissue. Those values have been collected in table 1. It will 
be seen that the Ay values for each flask have a maximum variation of 
3.6 to 6.3 per cent. This proves the original assumption that the reten- 


1.624 1.632 1.573 1.647 1.560 1.543 
2.014 1.890 1.839 1.857 1 
1.932 1.873 1.854 1.935 1 
1.887 1.903 1.799 1.903 1 
Kv 1.961 1.901 1.868 1.935 1 
1.896 1.881 i812 1.889 1 
1.929 1.944 1.820 1.912 l 
1.926 1.919 1.897 1.858 1 
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tion is proportional to the weight of tissue used if all other factors are 
kept constant and establishes the validity of the application of this formula 
in our calculations. 

Table 2 summarizes the results obtained on the muscles of forty-seven 
frogs. ‘The choline esterase activity is expressed, using the nomenclature 
of Nachmansohn (6), as the milligrams of acetylcholine hydrolysed by 100 
mgm. of tissue in 60 minutes (Q-,.¢). It will be seen that the second fifth 
has a rate of hydrolysis which is three times that of the pelvic fifth, and 
the third fifth has a rate which is a little more than twice that of the pelvic 
fifth. 

The average of four experiments with the frog’s sciatic nerve gives a 
Q<.2 of 0.677, or nearly seven times that of the pelvic fifth of the sartorius 
muscle. 


TABLE 2 
Hydrolysis of acetylcholine by portions of frog’s sartorius muscle Qcn.x = mgm. acetyl- 
choline hydrolysed/100 mgm. muscle/60 min. 


PELVIC FIFTH SECOND FIFTH THIRD FIFTH 
NUMBER 

Muscle Muscle Muscle 
weight Ch.E weight Ch.E weight 
mgm. mgm. mgm. 
128 0.076 108 0.221 

137 0.081 119 0.317 

140 0.100 123 0.328 

142 0.060 132 0.265 

165 0.133 141 0.285 

162 0.157 140 0.391 


Average.. 0.101 0.301 


Discussion: The results reported here on Rana pipiens agree qualita- 


tively with those obtained by Marnay and Nachmansohn on Rana escu- 
lenta, but they do not agree quantitatively, for Marnay and Nachmansohn 
found that the Q-,.¢ values for the pelvic, second and third fifths of the 
sartorius for Rana esculenta were 0.135, 0.795 and 0.404 respectively, while 
the corresponding values for Rana pipiens were 0.101, 0.301 and 0.221, 
or a difference of 26 per cent, 62 per cent and 45 per cent respectively. 
There is also a relative difference in the esterolytic activity of the muscles 
from the two frogs, since the Q-,.g value for the second fifth of Rana 
esculenta is approximately seven times that of the pelvic fifth, while the 
Q-n,.2 value for the second fifth of Rana pipiens is three times that of the 
pelvic fifth; and the value for the third fifth of Rana esculenta is four 
times that of the pelvic fifth, while for Rana pipiens the value of the third 


| 
220 
205 
192 
267 
0.221 
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fifth is a little more than twice that of the pelvic fifth. These differences 
in the corresponding values for the muscles of Rana esculenta and Rana 
pipiens suggest that the distribution of motor nerve endings in the two 
muscles is not the same. 

In a later paper (6) Nachmansohn says: ‘‘Marnay and Nachmansolin 
have shown that there exists an extremely high concentration of choline 
esterase at the nerve endings of voluntary muscle and that during thi 
refractory period of voluntary muscle, in a few milliseconds, the amount 
of acetylcholine required by the theory of chemical transmission can well 
be hydrolysed at the nerve endings.”” The amount of acetylcholine which 
must be liberated at the nerve ending to satisfy the theory of chemical 
transmission is not known to us, and, furthermore, the amount of acetyl- 
choline actually liberated at the nerve ending in the sartorius muscle of 
the frog has not been determined; until these quantities are known it is 
impossible to say that the choline esterase which is also present can effect 
its hydrolysis in a few milliseconds. 

Clark et al. (7) have shown that the activity of choline esterase depends 
upon its concentration in solution. Marnay and Nachmansolhin assumed 
a nerve ending volume of ;a!s9 of the muscle volume, and later, in answer 
to the objections of Clark et al., Nachmansohn (6) assumed a nerve ending 
volume of 1000 u*, in which the enzyme would have a concentration high 
enough to permit maximum activity. Until proof is presented to the con- 


trary, it appears that it must be assumed that the esterase and acetylcholine 


are acting in the volume occupied by the motor end-plate of the nerve 
fiber. From measurements which we have made of the drawings (with 
magnification given) by Kiihne (8) of the end-plates in skeletal muscles 
of Rana esculenta, it is estimated that this volume is several times more 
than 1000 u*. Until such measurements of volume are accurately made, 
it is not possible to say that the choline esterase which is present in the 
end-plate has a concentration sufficiently high to give the enzyme maxi 
mum activity. 

Although it is evident that choline esterase is concentrated to some 
extent at the motor nerve ending, one is unable to sav vet how effective 
the enzyme is in hydrolvsing the acetylcholine which is liberated there 
during stimulation. 


SUMMARY 


1. The method of Warburg, Kubowitz and Christian for calculating the 
acid retention of serum has been applied to tissue suspensions. 

2. The rate of hydrolysis of acetylcholine by the second fifth of the 
sartorius muscle of Rana pipiens is three times that of the pelvie fifth. The 
rate of hydrolysis of the third fifth is approximately twice that of the 
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pelvic fifth. There is an absolute and relative difference, in this respect, 


between the muscle of Rana pipiens and Rana esculenta, which suggests a 
difference in the distribution of motor endings in the two cases. 

3. It is not yet possible to state that the choline esterase which is present 
at the motor nerve ending will hydrolyse in the refractory period the acetyl- 
choline which is liberated there. 
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Many studies have been made on the nature of uterine epithelium 
and the effect of endocrine secretions on it, but no chemical analyses hav« 


been reported on the product of these secretory cells, the uterine fluid. 
The amount of this fluid varies in different species. Long and H. M. Evans 
(1922) first described distention of the normal rat uterus with fluid which 
accumulates in pro-oestrus and oestrus, with discharge during late oestrus. 
Warren (1938) found that about 18 times as much uterine fluid was present 
in pro-oestrus as in dioestrus; 3 weeks following surgical occlusion of the 
cornua in rats the average total amount of fluid in the uterus was 5.5 ce. 
De Marco (1930) using uterine fistulae in dogs found that pilocarpine 
stimulated the flow of uterine fluid so that 0.5 to 1.75 cc. were obtained 
per hour. KE. 1. Evans (1933) found secant amounts of fluid in the canine 
uterus. Schoekaert and Delrue (1938) determined the pH of the cervical 
mucus in women. 

Metuops. Chemical studies were made on the uterine secretion of 5 
dogs, 6 rabbits and 18 rats. 

Physiological methods. Ether anesthesia was used for ali surgical pro- 
cedures, which consisted in preparation of uterine fistulae or closed seg- 
ments; except in the dogs with fistulae, all of the uterine fluids were ob- 
tained by opening the abdomen surgically and aspirating the uterus with 
a fine needle. 

In 3 dogs uterine fistulae were made according to the method used by 
Reynolds (1930) for rabbits, and following healing, freshly prepared pilo- 
‘arpine hydrochloride, 6 mgm. in saline, was injected intravenously as a 
secretory stimulant. No fluid was obtained from the cervices unless the 
dog was in heat, so that stilboestro]l 0.1 to 1.0 mgm. was injected intra- 
muscularly in all dogs daily. Subsequently in 2 of these animals a closed 
uterine segment was prepared by ligation of the uterus proximally and 
distally. In 2 additional dogs similar closed uterine segments were pre- 
pared by proximal and distal ligation of the uterine horns. Fluid was 
obtained from the closed segments by aspiration at weekly intervals. 

1 This investigation was aided by a grant from the Christian Fenger Memorial 
Fund. 
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Similar methods were used in the rabbits and rats, but insufficient fluid 
was obtained from uterine fistulae for chemical analyses so that secretion 


was secured from the closed segments in most cases. In these groups 


uterine secretion was obtained: 1, following uterine ligation alone (2 
rabbits, 5 rats); 2, uterine ligation and estrogen injection (4 rabbits, 10 
rats); and 3, estrogen injection without ligation (1 rabbit, 5 rats). In 
5 rats fluid was removed from the normal uterus during oestrus without 
preliminary ligation and in 5 rats estrogen was injected beginning 3 weeks 
following bilateral ovariectomy. As estrogenic material either stilboestrol 
0.1 mgm. or estrone 10 1.U. in oil was injected daily. 

Chemical methods. Water determinations were made by drying known 
weights: of the fluid to constant weight at 105°C. Chloride was deter- 
mined by the method of Van Slyke (1923) as modified by Wilson and Ball 
(1928); sodium, by the method of Butler and Tuthill (1931); calcium, by 
the method of Kramer and Tisdall (1921) as modified by Clark and Collip 
(1925); and potassium, by the method of Shohl and Bennett (1928) as 
modified by Eichelberger (1938). Glucose was determined by the method 
of Shaffer and Hartman (1921) as modified by Somogyi (1926); inorganic 
phosphorus, by the method of Fiske and Subbarow (1925). Total nitrogen 
and non-protein nitrogen were determined by the micro-Kjeldahl method 
of Koch and MeMeekin (1924) and the proteins by multiplying by 6.25 
the total nitrogen corrected for non-protein nitrogen. pH was deter- 
mined with the glass electrode and the total COz by the method of Van 
Slyke and Neill (1924) on fluid collected under oil. 

RESULTS AND DISCUSSION. Uterine fluid was found to be limpid, slightly 
opalescent and contained occasional epithelial cells on microscopic ex- 
amination. As compared with prostatic secretion obtained by pilocarpine 
stimulation after isolation of the prostate gland according to the technique 
of Huggins, Masina, Eichelberger and Wharton (1939), the fluid was 
scant in amount. The rate of secretion in dogs with uterine fistulae after 
pilocaxpine stimulation was 0.2 to 0.4 ec. per hour; thus only several chemi- 
cal determinations were made on the fluid obtained at any one sitting of 
a few hours’ duration. 

In animals with closed uterine segments, larger quantities of fluid were 
obtained. The volume obtained from the 2 horns of the uterus of the 
rat varied from 0.2 to 1.4 ce.; of the rabbit, from 1 to 5.5 ec.; and from 7 
to 17 ce. in the dog. 

The chemical composition of uterine fluids is shown in table 1. Points 
of similarity in the fluids from the dog, rabbit and rat uteri were the high 
content of water and sodium and the low protein content. Phosphate 
and glucose were present in very small amounts or absent. 

The uterine fluids of rat and rabbit resembled each other and were 
characterized by an alkaline pH, a high total CO, content, with the chloride 
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concentration being normal with respect to plasma. The uterine fluid of 
the dog differed from these in having an acid pH, a low total CO, content 
and a high chloride concentration. 


TABLE 1 


Chemical composition of uterine fluid 
H:O pH COs NPN 


Dog 


gm. gm. mM mM mM mgm. mM 

0.30 19 0. 180 170 4.7 1 0 0 

0.40 13 2 190 140 2.8 6.4 80 0O 

0.50 30 7 149 165 0 0 
149 164 

1.09 27; 5.12; 156; 169 70 0.03 

1.76 17) § 157 161 70) 0.03 


Average*. 0.8 0.20 167 162 3.5 5.2 0-800-0.08 
Rabbit 


0.67 0.44 { 0 O 
0.94 0.29 160 O.14 


Uterine ligation 


Estrone 


ss 


Uterine ligation & 100 0.20 


estrone 


Average* 97! 78 53.6 37) 0-160 0-0. 20 


Stilboestrol injec- | 985 
tions 

Uterine ligation & | 979 
stilboestrol 

Ovariectomy and | 990 
estrone 


Average* 982 7.55 61.8 98 169 


Values expressed per liter of fluid. 

* Averages represent all of our data, not merely those represented in this tabl 
+ Uterine fistula, pilocarpine stimulation 

t Uterine ligation, pilocarpine not used. 


The distribution of electrolytes in uterine fluids is thus different from 
that in serum and transudates, demonstrating that it is formed by the 


process of secretion. The low concentration of protein requires readjust- 
ments to be made to secure osmotic equilibrium. In all the animals sodium 


LI INOR 
gm. mM 
17 986 
985 
27 986 | 6.21) 3.0 
3t 975 6.26 3.8 
986 5.91 2.6 
5} 986 6.05 2.6 
981 .80 48.2 
Pe 980 90 98 19] 
976 51.2 
Rat 
7.68 106 215 
7.66) 61.8 1.32) 0.29; 6.53) 101! 123 1.5 4.3) 150 | O 
0.47 1.12, 98 
92 0 
4.3 150 0 


290 H. E. SHIH, J. KENNEDY AND C. HUGGINS 


was the cation present in largest amounts; the principal anion in fluid 
from the dog was chloride, bicarbonate being low; while in rat and rabbit 
the chloride was at serum level and the bicarbonate concentration was high. 

It. is noteworthy that the various procedures employed resulted in no 


differences in chemical composition in the same species and especially that 


the fluid obtained after stimulation with pilocarpine in dogs with uterine 
fistulae resembled that in the closed segment without drug injection. 
The similarity of rat and rabbit uterine fluids has been discussed above. 
The uterine fluid of the dog, differing from these, resembles closely, how- 
ever, certain fluids of the genital tract in the male, notably prostatic fluid 
obtained after pilocarpine stimulation in dogs and spermatocele fluid 
obtained from the epididymis in man (table 2). Thus, there are recurrent 


TABLE 2 
Comparison of chemical composition of genital tract fluids 


TOTAL wpn_ PRO- - GLU- INOR- 
HO | pH | COs NPN| | Cl | Na | Ca | K | P 


mM gm. . mM mM mM mM mgm. mM 
tabbit uterine 

fluid 8 53.6 0.8 98 158 4 0-160 0-0.20 
Rat uterine fluid 55 61.8 1.0 29) 5. 98 169 1.5 4.3 0-150) 0 
Dog uterine fluid b. 3.0 0.8 20 3.8 167 162 3.5 5.2 0-80 0-0.03 
Dog prostatic 

fluid* >. 16 2 8.3 160 159 0.3 5.1) 0-300 
Human sperma- 

tocele fluidt.. 5.5 | 139 0-tr. 

Values expressed per liter of fluid. 

* Following pilocarpine stimulation: data of Huggins, Masina, Eichelberger and 
Wharton (1939). 

+ Data of Huggins and Johnson (1933). 
regional chemical patterns in the fluids of the genital tract, one pattern 
seen in male and female dogs and the male human individual, while another 
is found in female rats and rabbits. The low content of glucose and 
phosphate in uterine fluids in the dog, rat and rabbit, in the prostatic fluid 
of dog and man, and in spermatocele fluid in man must be sharply con- 
trasted with the high phosphate and glucose content of the human seminal 
vesicle first described by Huggins and Johnson (1933). 

In the rat the uterine horns were found to be atrophic and collapsed 3 
weeks after bilateral ovariectomy and became distended after estrogenic 
stimulation for 1 week. Analyses of the fluid showed it to be essentially 
the same as that in rats which had not been spayed or injected with estrone, 
demonstrating that estrogen alone as a hormone can produce in the uterus 
this characteristic fluid. 
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CONCLUSIONS 


Uterine fluids obtained from rats and rabbits resemble each other chem- 
ically. They have points of similarity to and difference from uterine 
fluid of the dog. The points of similarity are the high content of water 
and low concentrations of protein, glucose and inorganic phosphate; the 
principal cation is sodium. The fluids differ in that in the dog the pH is 
acid, total CO, content is low and chloride relatively high, while the uterine 
fluid of rats and rabbits is characterized by an alkaline pH, high total CO, 
content, with the chloride concentration at the plasma level. 


No significant differences in chemical composition were detected in 


fluid obtained by pilocarpine stimulation from uterine fistulae or in closed 
segments without stimulation. Injections of estrogen alone in spayed 
rats produced the uterine fluid typical of the normal rat. 

Certain chemical patterns are seen in the similarity of fluids from various 
regions of the genital tracts of male and female enimals. Thus rat and 
rabbit uterine fluids are identical from an electrolyte standpoint and differ 
from dog uterine fluid, dog prostatic fluid obtained after pilocarpine stim- 
ulation and human spermatocele fluid, the last three resembling each other. 
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\ series of cardiovascular changes during the slow intravenous injection 
of magnesium salts has been previously described (11, 13), each event 
appearing during a characteristic range of concentration of magnesium in 
the serum. The relation between concentration on the one hand and 
changes in reflex activity and in neuromuscular transmission on the other 
forms the subject of the present study. 


Metuops. Decerebrate cats were usually employed, with supplemen- 
tary experiments on neuromuscular transmission in animals anesthetized 
with sodium amytal. The muscles to be studied were isolated by appro- 


priate nerve and tendon section and the contraction recorded with a torsion 
wire myograph. The leg was held rigidly by drills fixed in the bone. A 
thyratron stimulator was used to give single or repetitive supramaximal 
break shocks at various frequencies. Magnesium sulfate in isotonic solu- 
tion was injected slowly into the femoral vein at a constant rate. Samples 
of serum obtained at intervals were analyzed for magnesium by a method 
previously described (14). Concentrations corresponding to particular 
effects were obtained by interpolation between determined values. In 
some experiments the ureters were tied to prevent urinary excretion. Arti- 
ficial respiration was employed in all experiments after natural respiration 
failed and throughout the experiment when the thorax was opened. 

Resutts. The results of the entire series of experiments are summarized 
in table 1. The figures in parentheses represent individual values in 
different experiments. In figure | the concentrations at which repetitive 
shocks to the motor nerve just failed to produce a response are plotted 
against frequency of stimulation. 

Single twitches disappeared at concentrations ranging from 6 to 14 mEq 


1 Aided by Grant no. 388 from the Committee on Therapeutic Research of the 
American Medical Association, the Ella Sachs Plotz Fund and the Fluid Research 
Fund, Yale University School of Medicine. 

\ preliminary report was presented before the American Physiological Society 
t the New Orleans meeting, March 13-16, 1940. 
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With partial neuromuscular 
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self inhibition ('Wedensky” inhibition) of the tetanus appeared 


frequencies and was more pronounced (figs. 2A, 2B 2 
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figure 2B 

In everyv Case reflexes were studied simultaneously with the neu 
lar twitches and tetani Therefore the point of extimetion ol 
Was related not only to the serum magnesium value but also to the cessa 
tion of neuromuscular activity in each individual experiment Phe cor 
centrations were scattered over a considerable range The knee jerk and 
other tendon jerks were the first reflexes to disappent their failure con 


eiding with that of the neuromuscular twitches \ tetanie contracti 
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list alt 


ter the knee jerks had disappeared caused them to reappear tol 


time, Just as it caused the reappearance of direct neuromuscular twitches 
No changes in other reflexes could be detected at this level. The crossed- 
extensor and shorte ning reflexes failed at somewhat higher concentrations 
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vibrissa reflex (protrusion of vibrissae following stimulation of the ear) 
all persisted long after respiratory failure, disappearing only when tetani 
at 60 to 100 per second failed. 

It was found that reflexes which had disappeared could be brought back 
for a time if a brief neuromuscular tetanus were applied to the motor? 
element of the arc. This is of course the same “enhancement”’ as that 
previously noted as characteristic of partial neuromuscular block. ‘The 
height of contraction of muscles directly stimulated was invariably found 
to be unaffected by magnesium injection. 

Discussion. ‘The sequence in which the reflexes disappear (table 1) is 
quite different from that following the administration of a volatile anes- 
thetic or a barbiturate. With these anesthetics the knee jerk is especially 
resistant, while the corneal reflex disappears relatively early. Respiration, 
which disappears so early after magnesium, disappears late in the course 
of the action of the ordinary anesthetics (8). This difference in effect on 
reflexes makes it probable that the locus of action of magnesium differs 
from that of most anesthetics. 

The order of disappearance of reflexes after magnesium is, however, 
correlated with the type and rate of discharge characteristic of the motor 
neurones comprising the motor element of the reflex arc. The reflexes with 
slow frequencies of discharge disappear first, those with higher frequencies 
later. Thus the knee jerk and other tendon reflexes are largely single 
twitches, each twitch being produced by a single discharge in most. of the 
motor neurones taking part in the reflex (7,10). The flexion reflex, anothe: 
twitch-like reflex (5, 7) is known to be abolished at levels of serum magne- 
sium comparable with those reported here for twitches and tendon jerks (3). 
The crossed-extensor reflex and the shortening reaction in quadriceps or 
soleus is largely mediated by rhythmic discharges at rates varying from 
10 to 20 per second (2, 5,6, 10). Respiration is mediated in the diaphragm 
by impulses from phrenic motor neurones discharging 25 to 30 times per 
second (1), with normal breathing, somewhat more rapidly with forced 
breathing. The rate of impulses in muscles of the eye, ear and vibrissae 
is not known, but there is indirect evidence that they may be 100 or more 
per second (4). 

If these characteristic rates of discharge of the different reflexes are 
compared with the concentrations of magnesium at which neuromuscular 
tetani of the same rate fail (table 1), an excellent correlation is disclosed. 
Thus twitch-like reflexes fail when twitches fail, slow tetanic reflexes fail 
with slow neuromuscular tetani, and rapid tetanic reflexes and rapid neuro- 
muscular tetani disappear together when much higher levels are attained 
The suggestion is clear that reflexes fail because of neuromuscular block 
rather than because of an action of magnesium on the central nervous 
system. This interpretation is strengthened by the observation that 
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twitch-like reflexes may be made to reappear by neuromuscular tetani of 
their motor elements. If failure of the reflexes were due primarily to block 
at the central synapse, no procedure affecting only the peripheral neuro- 
muscular mechanism could possibly restore the reflex. 

I;xperiments such as these do not in any way exclude an effect of mag- 
nesium on the central nervous system. The demonstration by Peck and 
Meltzer (12) that anesthesia may be produced in man by the injection of 
magnesium is unequivocal evidence that such a central effect does exist. 
They do, however, indicate that magnesium affects muscular activity 
mainly through its action on the neuromuscular junction and not through 
its action on the central nervous system. 

The possibility must be considered that the curare-like action of mag- 
nesium excess is in some way the converse of the tetany of magnesium defi- 
ciency. The tetany of animals depleted of magnesium is peculiar because 
it is not necessarily associated with low magnesium in serum, is not imme- 
diately relieved by injection of magnesium and is not prevented by 
curare (9). Failure to abolish these convulsive seizures by curare places 
the site of disturbance in the muscles themselves, beyond the myoneural 
junction. Since the response of muscles stimulated directly rather than 
through their motor nerves is unaffected by excess of magnesium, the locus 
of action of magnesium excess must be the myoneural junction itself. This 
difference in point of action suggests that the phenomena of magnesium 
excess and those of magnesium deprivation are not intimately related. 

The conclusions drawn in this study are not in agreement with those of 
Bryant, Lehmann and Knoefel (3). These authors, using the spinal dog, 
found that the flexor response to single induction shocks failed while the 
skeletal muscle still responded to stimulation of its motor nerve. From 
this observation they concluded that the action of magnesium is primarily 
central. Our experiments show that this conclusion would be justified 
only if the typé and rate of stimulation of the skeletal muscle is identical 
with that produced by the natural reflex, since the level of extinction of 
response to neuromuscular stimulation varies so much with frequency of 
stimulation. These workers do not specify the type of stimulation used to 
stimulate the skeletal muscle, so it is not possible to decide whether or not 
this is actually the cause of the apparent discrepancy between their 
results and ours. 

CONCLUSIONS 

1. Concentrations of magnesium at which neuromuscular transmission 
failed and concentrations at which various reflexes disappeared were deter- 
mined in the cat. 


2. The greater the frequency of stimulation, the higher is the concentra- 
tion of magnesium necessary to block transmission. 


3. 
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It is probable that magnesium affeets muscular activity by blocking 


neuromuscular transmission rather than by means of its depressant action 


on the central nervous system. 


(1) 
(2) 


(3) 


(4) 
(5) 


(6) 
(7) 
(8) 
(9) 
(10) 
(11) 
(12) 
(13) 
(14) 
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An early report of the oral treatment of adrenal insufficiency with 
adrenal cortex was given by Osler in 1896 (1). He apparently success- 
fully treated a case of Addison’s disease with a glycerol extract of pig 


adrenals. With the preparation of epinephrine-free biologically active 


extracts of the adrenal cortex, adrenal insufficiency has for the past several 
years been quite commonly treated by parenteral administration. Groll- 
man (2) reported the successful treatment of adrenal insufficiency in rats, 
also, by the oral administration of a charcoal adsorbate. 

In a previous report (3) we described a rat method of assaying adrenal 
cortex extracts and noted that adrenalectomized rats could be successfully 
maintained by administration of the extracts in the drinking water, and 
that such administration gave better growth response than subcutaneous 
injections. Later reports (4, 5) present further evidence that the adren- 
alectomized rat is a suitable test animal for the assay of adrenal cortical 
extracts, and that these extracts, orally, are capable of maintaining the 
test animal, as Thorn et al. (6) have also found for the adrenalectomized 
dog. In one of these reports (5) an “oral rat unit” is deseribed. 

Recent clinical reports (7, 8) have called attention to the effectiveness 
in the human Subject of orally administered adrenal cortical hormone prep- 
arations. Some clinical data (7) indicate that, on the basis of gland equiv- 
alence, the administration of the oral preparation is more effective than 
parenteral injection of the aqueous sterile solution. A study of parenteral 
and oral assays of adrenal cortical hormone material is therefore desirable. 

The present study is concerned with a direct comparison of parenteral 
and oral assays of adrenal cortex concentrates in the 4-weeks-old adrenalec- 
tomized white rat. The comparative effectiveness of the more active 
crystalline substances of the adrenal cortex, corticosterone, dehydrocortico- 
sterone, and desoxycorticosterone, has also been studied, and the cortical- 
hormone activity in rat units quantitatively determined by subcutaneous 
injection, as well as by administration by stomach tube. 

EXPERIMENTAL. The composite extracts of the adrenal cortex which 
were used and which so far as we know contain all the cortical hormone 
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active substances present in the gland, were prepared from beef suprarenal 
glands by the process previously reported (9). 


For the determination of the parenteral and oral activity of desoxycorti- 


costerone acetate, the synthetic material was used. The corticosterone 
and dehydrocorticosterone were obtained from the least water-soluble 
fraction of a gland extract by procedures previously described (10) 
They were isolated in pure form and identified by their melting points 
analyses, and specific rotations. 

Metuops. The composite extracts were assayed parenterally as pre 
viously described (3). For the determination of their oral effectiveness 
they were assayed both by administration in the drinking water and by 
administration by stomach tube. For assay by drinking water adminis- 
tration, the daily dose of hormone was added to the estimated amount of 
water the rat would drink over a 24 hour period. All assays were carried 
out over a 20 day period, hormone administration being withdrawn on the 
20th day. The rat units per cubic centimeter of extract were estimated 
as described in the previous report, one rat unit being the minimum 
daily dose of hormone which, administered daily for 20 days to 4-weeks- 
old male rats weighing 50 to 60 grams, is sufficient to protect at least SO 
per cent of the rats and produce an average growth of at least 20 grams 
for the 20 day period. 

Since administration in the drinking water depends on the voluntary 
consumption by the assay animal, it might be objected that quantitativ: 
results can not be obtained, and that a “minimum daily dose” ce: 
therefore be accurately determined. We have, therefore, also carried 
out assays by administering the extracts once daily by stomach tube 
Since in determining the rat unit parenterally one daily subcutaneous 
injection is given, the most comparable oral determination of rat units 
can be obtained by one daily administration by stomach tube. We find 
that a small gauge soft rubber catheter can easily be pushed down a small 
rat’s esophagus, and that oral administration can thus be as easily carried 
out as subcutaneous injections. 

The care of the rats, the diet, and the technique of removal of the adrenal 
glands are the same as previously described (3). 

Resutts. In table 1 is given a summary of the assays of several 
adrenal cortex extracts. It can readily be seen that, whether the extracts 
are assayed parenterally, by subcutaneous injection, orally, by either 
stomach tube administration or drinking water administration, the result 
in rat units per cubic centimeter of extract is the same. Adrenal in- 
sufficiency in the young adrenalectomized rat can therefore be controlled 
equally as well by oral administration of cortical extracts as by parenteral 
administration. For each assay in table 2 at least 10 rats were used. 
The routine procedure was to administer 0.3 and 0.4 cc. of the extracts per 
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rat per day for the 20 day period. In some cases 0.2 ec. doses were also 
given. If an extract failed to pass the test at 0.3 cc., but passed at 0.4 
ec., it is reported as having 3.0 rat units per ec., the average of 3.3 and 
2.5 being practically 3. If the extract passed well at both doses, 0.3 cc 
and 0.4 ec., it is reported to have 4.0, the average of 5 and 3.3, rat units 
per ec. Nearly all extracts failed to pass the test at 0.2 ce. per rat per 


day, except in a few instances (51-5 and 54-5). Any extract which barely 


passed the test at 0.3 cc. is reported as containing 3.3 rat units per cc. 
In table 2 are given the results of the parenteral assays of the pure 

crystalline substances, corticosterone, dehydrocorticosterone, and desoxy- 

corticosterone. The substances were administered in olive oil solution, 


TABLE 1 
Comparison of parenteral and oral assays of adrenal cortex extracts 


ORAL ASSAYS, DRINKING STOMACH TUBE 


ON PA EN ASS. 


rat units per cc. rat untts per cc rat units per cc. 


51-5 
54-5 
47-5 
13A-6 
14-6 
45A-6 


418-6 


mW 


WwW Ww 


52-6 


Ww 


55-6 
291-6 
9-6 
13-6 


29-6 


wow 
WwW 


‘ wd 
292-7 


66A-6 


and the concentrations were such that at all dosage levels 0.2 ce. of the 
oil solution was injected. It is apparent from the tabulated assay results 
that, parenterally, corticosterone assays 6 rat units per mgm., while ac- 
cording to our available data dehydrocorticosterone assays about 4 rat 
units per mgm. Desoxycorticosterone acetate, however, assays 35 rat 
units per mgm. by subcutaneous injection. 

In table 3 are tabulated the results of the oral assays of the pure sub- 
stances. For these oral assays the substances were also dissolved in olive 
oil and again the concentrations were adjusted so that the one volume of 

cc. was administered at all dosage levels. As with the composite 
crude extracts, so with corticosterone, the parenteral and oral assays in 


() 
4.0 5.0 
+.0 
0 4.0 
3.0 
+ 0 0 
3.0 3.0 
3.0 
+.0 
3.0 
0 4.0 
| 3.0 
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rat units are the same. Dehydrocorticosterone apparently is somewhat 
more active orally than by injection, assaying orally 6 rat units per mgm. 
and parenterally 4 rat units per mgm. Desoxycorticosterone acetate, 
however, differs very strikingly with respect to oral effectiveness. Whereas 
parenterally the substance assays 35 rat units per mgm., orally it fails to 


TABLE 2 
Parenteral assays of crystalline adrenal cortex substances 
NUMBER sri 
NUMBER poo x AVERAGE SURVIVAL RAT UNITS PER 


DAILY ATS 
SUBSTANCE t OF RATS oF RAT GROWTH AFTER MGM. OF 


DOSE SURVIVING 
SURVIVING 1.90 pays LAST IN SUBSTANCE 
20 DAYS 
JECTION 
mgm. grams days 
Corticosterone 0.25 29 


0.125 13.5 2 


Dehydrocortico- 0 
sterone 


2 
1 


0.25 
0.125 
Desoxycortico- 0.05 
sterone acetate 0.033 
0.025 


TABLE 3 
Oral assays of crystalline adrenal corter substances 


NUMBER eee AVERAGE 
G 
DAILY NUMBER OF RaTS GROWTH IN pbc RAT UNITS PER 
SUBSTANCE OF RATS 20 DAYS OF MGM. OF 
DOSE SURVIVING > AFTER LAST 
INJECTED 20 DAYS 20 DAY INJECTION SUBSTANCE 
SURVIVALS 


mgm. grams 
Corticosterone 0.25 26 
0.125 


Dehydrocortico- 0.25 
sterone 0.125 


Desoxycortico- 033 
sterone acetate .10 
.20 


~ 


oon 


1] 


pass the test even at 1 rat unit per mgm. ‘This substance is therefore less 
than one-thirty-fifth as effective orally as parenterally in the young 
adrenalectomized rat. This animal therefore can completely utilize 
orally administered corticosterone, while desoxycorticosterone acetate 
administered orally can scarcely be used at all. This is very interesting 
in view of the fact that the substances are so nearly alike chemically. 


3 2 29 6.5 >2 
5 21 4.0 
3 0 <8 
5 5 34 5.0 > 20 
5 5 34 6.2 > 30°35 
5 3 30 8.0 <40 
lays 
6 
<8 
b 
5 0 
a 0 30 
0 <10 
0 <5 
3 | 6 <1 
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To determine whether desoxycorticosterone is excreted in the feces and 
is therefore unabsorbed, the fecal material of the 5 rats that received 1 
mgm. daily of the synthetic by stomach tube was collected for one week, 
from the 7th to the 14th day, and extracted with acetone. The acetone 
soluble material was dissolved in ether, and the ether solution washed first 
with dilute HCI, then with 1 per cent NagCQO ; solution, and finally with 
water, after which it was dried with anhydrous MgSO,. The ether soluble 
substance was transferred to 22 cc. olive oil and the solution injected 
subcutaneously at 0.2 cc. per rat per day into a group of 5 adrenalectomized 
rats. The average survival period of this group of 5 rats was 7.8 days as 
compared with 7 days for a control group. There was therefore no 
adrenal cortical hormone activity in this fecal extract, and since the de- 
soxycorticosterone acetate assayed 35 rat units per mgm. when adminis- 
tered subcutaneously, there certainly must have been excreted less than 
3.3 mgm. of the substance by the entire group of 5 rats for the 7 day period. 


Since 35 mgm. had been administered over this same period, it would ap- 


pear that most of the substance was destroyed in the gut. 

DISCUSSION OF RESULTS. Difficulties of oral administration by mixing 
extracts with the food have been pointed out (5). Since mixing the daily 
dosage with the drinking water or food makes the hormone intake too 
dependent 


‘ 


‘upon the voluntary consumption of food by the assay animal,”’ 
we have administered the extract by stomach tube. By such single 
daily oral administration the minimum requirement of the composite 
gland extract is the same as by single daily subcutaneous injection. The 
rat unit as previously defined by us! can therefore also be used to express 
adrenal cortical hormone activity by oral assay. It only becomes neces- 
sary when stating rat units of a certain extract or substance to designate 
whether the substance was assayed orally or parenterally, since we know 
of at least one single pure substance which is less active orally than paren- 
terally. . 

According to Grollman (11), 1 mgm. of desoxycorticosterone acetate 
per rat per day, orally or parenterally, is effective in maintaining normal 
growth in adrenalectomized rats. Our data do not support such a con- 
clusion. According to our rat method of assay, this synthetic substance 
is less than one-thirty-fifth as active orally as parenterally. It was found 
orally to assay even less than 1 rat unit per mgm. DeFremery and Span- 
hoff (12) have also reported that orally, “negative reactions only were 
obtained with even as much as 500 gamma daily.” In this respect, there- 
fore, the synthetic substance differs markedly not only from the natural 


1 A rat unit is defined as the minimum daily dose of hormone which, administered 

daily for 20 days to 4-weeks-old rats weighing 50 to 60 grams, is sufficient to protect 

t least SO per cent of the rats and produce an average growth of at least 20 grams 
per rat for the 20 day period. 
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extract, which is just as active orally as by injection, but also from the 
pure substances, corticosterone and dehydrocorticosterone, which are at 


least as active orally as parenterally. 


SUMMARY 


A method of assaying adrenal cortex extracts by stomach tube ad 
ministration is described and it was found that by oral administration, 
the gland extracts assayed the same as by parenteral administration 

Corticosterone and dehydrocorticosterone are also as effective orally as 
parenterally. 

Desoxycorticosterone assayed 35 rat units per mgm. parenterally by 
subcutaneous injection, but orally this substance assayed less than 1 rat 
unit per mgm. 

Cortical hormone activity could not be demonstrated in the feces of the 
rats that had received desoxycorticosterone acetate by mouth. It ap- 
pears, therefore, that this substance is destroyed in the gut 
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Since Bayliss (1902) published his observations on the activation of the 
dorsal root dilators to the legs by stimulation of the depressor nerve, the 
explanation and indeed the very existence of the phenomenon have been 
extensively debated by anatomists and physiologists. A review of the 
literature has recently been presented by Hinsey (1939). Reflex increases 
in the volume of a sympathectomized but otherwise intact leg of the dog 
have been reported by Fofanow and Tschalussow (1913) and by Tournade 
and Malméjac (1933). Rosenblueth and Cannon (1934), though they 
emphasize that reflex changes in the blood pressure of sympathectomized 
animals may be explained on the assumption that the dorsal roots are 
capable of reflex activation, were unable to demonstrate changes in limb 
volume which would account for the alterations in blood pressure. Down- 
man et al. (1939) report that the vasomotor responses of cats’ paws, re- 


corded optically from plethysmographs, are abolished by sympathectomy. 
The evidence derived from manometric determinations of blood flow is 
divided between that of Bacq, Brouha and Heymans (1933) and of Derom 
and Grimson (1939), who obtained negative results, and that of Bishop, 
Heinbecker and O’Leary (1933), who, with a rather more intricate tech- 


nique, obtained changes attributed by them to activation of dorsal root 
dilators. 

Skin temperature experiments have been negative (Hinsey et al., 1934, 
1938; Wybauw, 1938), a fact all the more important in view of the una- 
nimity of opinion that the dorsal root dilators are almost exclusively 
distributed to the skin. 

In view of the uncertainties, it seemed worthwhile to reinvestigate the 
experiments of Bayliss, especially since he himself emphasized the difficulty 
of demonstrating the phenomenon, and since he was unable to obtain 
completely satisfactory control observations. The following experiments 
were therefore designed to obtain records during vasomotor reflexes of the 
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volume changes of a sympathectomized paw simultaneously 
a completely denervated one 
\leTHOD Cats on dogs anesthetized with dial (S cats, 3 dogs Ol 

thane (8S cats, 3 dogs) were used. The lumbar sympathetic chains wer 
removed from the third or fourth post-thoracie ganglion to the brim of the 
pelvis either on the day of the experiment or one to three weeks previously 
Four of the cats were totally sympathectomized one to three months before 
the experiments. In order to minimize the fall of blood pressure produc ed 
hy depressor stimulation, evisceration was performed in five of the cats and 


four of the dogs as recommended by Bayliss (1902). The adrenal glands 
were tied off in about one-third of the experiments. Denervation o 
paw Was effected hy cutting the selatie nerve at its rvence trom 
pelvis and the saphenous nerve in the femoral triangle 

In order to obtain reflex vasomotor effects, various nerves were 
lated, In the dogs, careful dissection of thr vago-svinpathetic 
usually revealed a bundle of fibers, somewhat grevish pink in color, whir 
had predominantly depressor effects (suggested by Dr. Stanley Nowak 
In other experiments the left vagus and depressor, the rve of Hering 
or the median were employed. Stimulating current was supplied by 
Harvard Inductorium with 3 or 45 volts in the primary cireuit 

Since the dorsal root dilators have been found to be distributed prim 
to skin areas, plethysmographs were designed to record changes in 
of the hind paws ol the animals, as this region offers the greatest 
muscle ratio of the limbs. Glass evlinders which just allowed the 


to enter were used and sealed around the foot with heavy vaseline wel 


rubbed Into the han In Two acute experiments, d On eats. muscle 


volume tracings were obtained from a conical metal plethysmograph 
which was burned under the skin of the thigh. The chambers wer 
connected hy heavy rubber tubing to small segment capsules Carrying a 
mirror at one side for optical recording Calibration of eacl 
effected through a permanent side-arm connection wit! 
pipette partially filled with mereury and fitted at. the 
closed rubber tube. Compression of the tube screw clamp, 
the level of the me reury im the @lass, had the effeet of injecting a know) 
volume of air into the plethysmograph system. “Phis arrangement also 
provided a ready means of testing the recording system for air tightness 
\t the beginning of all experiments, and several times throughout then 
course, the plethysmographs were deflected to the limit of the recording 
scale by the introduction of air and observed for several minu Only 
if this test showed the plethysmograph seals to be tight Were ! records 
considered valid 

Since a rubber membrane served as the recording device 


ments were not strictly volumetric, but none of the volume 
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ved involved a pressure change of more than 1.5 em. of water. The 
slight theoretical disadvantage entailed Was more than compensated Io) 
by the fact that the system was virtually inertialess when compared with 
volumetric recorders of comparable convenience. The sensitivity with a 
recording distance of om. was such that ce. change volume 
equalled approximately 1 mm. on the record, and that a measurabl 
change of paw volume showed readily with each heart beat. Active 


changes of caliber in the paw vessels could thus be estimated not only by 


modifications in the volume of the paw but also by changes in the pulse 


amplitudes Passive changes ot paw volume, especially those due to 


changes In venous pressure, gave little or no change in the pulse ampli 
tad Blood pressure was recorded optically from the carotid artery by 


membrane manometer in the usual Way 


Fig. 2? 


vii \ effect dog Dial anesthesia. acute lumbar sympatheet 
adrenals excluded, both vagi cut Faradic stimulus during signa 
ssor nerve centrally, coil 7.5 em. Upper tracing intact paw, lower 
ly denervated paw, broad tracing blood pressure Time in seconds 
weeeding figures. BP: blood pressure 

Hect in cat Dial anesthesia, echronie bilateral lumbar svn 
105 


pative ¢ 
3 weeks’ duration Left vagus stimulated centrally, coil 


Reading downwards: blood pressure, sympathectomized paw, acutely denerva 


RESULTS. "The experiments failed) to demonstrate any changes In) 
paw volume which could be attributed to reflex stimulation of the dorsal 
root dilators. The usual result of stimulating either depressor or carotid 
sinus nerves in the animals with lumbar sympathectomy was a fall in 
blood pressure (slight in the eviscerated preparations) accompanied by a 
decline in volume of the paws. The shrinking of the totally denervated 
~ide was, within the limits of the method, comparable to that on the side 
with sympathectomy only (figs. | and 2). This was true in spite of the 
fact that in many of the experiments, of which figure 1 is typical, the fall 
of blood pressure on depressor stimulation was very small owing to the 
exclusion of the splanchnic area from the circulation. Passive effects were 
thus minimal as shown by the slight fall in the volume of the denervated 
Dea In contrast with these negative effects, it was easy to demonstrate 


the well-known reflex inhibition of the vasomotor tone in paws with intact 
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sympathetic supply, even in the face of much greater falls of blood pressure 
and shrinking of the denervated control paw 

Passive effects only were observed in the two experiments employing 
muscle plethysmograph on acutely sympathectomized thigh (et 
Jarisch, 1925 

\n objection may be raised to riments in which the sympathett 
chains were removed at the time of the experiment. [It might be said that 


the vessels acutely deprived of their vasoecontrictors would be maximally 


dilated and thus unable to respond to a reflex activation of the dorsa 


roots It is well known (Bayliss, 1902), however, that such vess 
respond to direct stimulation of dorsal roots, a fact whieh was confirmed 
in the only two experiments of this sort attempted in this series 

Rarely in the cats (3 out of 16) and more commonly in the 
6) increases in the volume of the svmpathectomized paw were encountered 


\t some stage in thr experiment, the | al p: \ fallin paw volume cor 


hig. 3 False-positive ett 
theetomy, evisceration, both v: cut Depressor st 
downwards: blood pressure vim t} ‘tomized pa 


mograph volume change im 


sequent to depressor stimulation gave way to a rise in volume. This ris 
however, generally took place In both the svmpathectomized and the 
totally denervated paw. The increase in volume usually began about 20 
to 80 seconds after the onset of stimulation, and continued until 10 to 20 
seconds after stimulation ceased when a slow decline to the previous base 
line set it. Figure 3 illustrates the most striking instance. The effect 
Was Inconstant, but in the dogs Was repeatable toa greater or less degre: 
at least three or four times during the experiment only to disappear without 
observable cause. The time relations suggest a humoral origin, but it 
occurred in several preparations in which the adrenals were ligated 

Changes in rate and depth of respiration brought about by depressor 
or carotid sinus stimulation could not be definitely correlated with the 
Increases in paw volume, since the latter occurred during both increases 
and decreases in respiratory aAcluiVvity, and in one animal with bilateral 
pneumothorax and artificial respiration. 


ise USSION Bayliss and others have d to the occasional imerease 
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in volume ot sympatheetomized limbs seen during depressor stimulation 
aus evidence of true reflex activation of dorsal root dilators. The experi- 
ments presented here show that when such changes take place, entirely 
similar changes may occur simultaneously in completely denervated areas, 
and therefore seriously impair the cogency of the existing plethysmo- 
graphic evidence as applied to this problem. As was pointed out in the 
introduction to this paper, other direct methods of investigation have al- 
most without exception vielded negative results. The only other serious 
support for true reflex activation of dorsal root dilators is to be found in the 
indirect evidence educed from the reflex changes ot blood pressure in 
sympathectomized animals (Freeman and Rosenblueth, 1931; Rosenblueth 
and Cannon, 1934; Pinkston, Partington and Rosenblueth, 1936). This 
puzzling phenom non may, however, find an explanation on other grounds, 
although attempts to do so have not so far been satisfactory (ef. Brown, 
1940). 

Various theoretical considerations may be mentioned which militate 
against the view that the dorsal root dilators participate inreflex adjust- 
ments of blood pressure by the circulatory proprioceptors. “Phe dilaton 
fibers in the dorsal roots have been shown to belong to the slowly COn- 
ducting group (Hinsey and Gasser, 1930). Anatomically (Ranson 
and Billingsley, 1916) and physiologically (Clark, Hughes and Gasser, 
1935: Heinbeceker and Bishop, 1935) this component ot the dorsal roots 
has been shown to be concerned with pain sensation, and there are no 
grounds for belies ing that a specific portion Of it is reserved fora Vasomoton 


funet In fact the elassical diagram of the axon reflex assumed. thi 


identity of the dorsal root dilators with sensory fibers. Tf this assumption 


is correct, it is hard to see how their central activation could take place 
Without alteration of the normal synaptic activity involved in the trans- 

Mission Of 
The researches of Lewis (1927) and others have shown that the dorsal 
lators are principally concerned with localized reactions in response 
damaging stimuli inflammation In accordance with this, 
esponses evoked by direct stimulation have a relatively long latency and a 
ng duration, up to fifteen minutes. Bayliss, observing this long dura- 
n, dismissed it as due to congestion from the pressure ol the plethysmo- 
ph cuff, but later observations with othe techniques have established 
phenomenon (Langley, 1923; Wybauw, 19386; Lewis and Marvin, 
properties listed above would apparently render the dorsal root 
insuited for the purpose of making reflex adjustments of the blood 
to the ever changing stimuli supplied by the receptors 

and carotid sinus 


though unimportant r the present argument, that 
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we are unable definitely to state the origin of the dilator reactions observed 
in totally denervated paws. The ealiber of blood vessels is of course in- 


fluenced by many non-nervous factors one or more of which may account 


for the results obtained in this and other investigations. Whatever th 
nature of these effects, it seems clear that a dilatation observed in a sym- 
pathectomized hindlimb during a fall of blood pressure is not sufficient 
evidence that an extrasympathetic nervous control is in operation. We 
conclude that the theory that the vasodilator fibers in the dorsal roots can 
he activated reflexly from the central nervous system lacks any adequat: 
direct. support. 


SUMMARY 


Simultaneous recording of the volume of a sympathectomized and of a 
completely denervated paw during reflex depressor stimulation revealed no 
differences between the reactions of the blood vessels of the two sides, 
although both increases and decreases of paw volume were produced 

It is concluded that the existing evidence does not favor the concept of 
reflex activation of the dorsal root dilators. 
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One of the characteristic symptoms of scurvy is the lack of intercellular 
material in the bones and the ease with which the bones of guinea pigs are 
fractured. Observations of this condition aroused our interest in the pos- 
sible relation between ascorbic acid and calcium content of the blood and 
the phosphatase activity of the serum. This problem therefore has been 
investigated using groups of guinea pigs receiving a high ascorbic acid 
intake, a subnormal and a very low ascorbic acid intake. 

Mertuops. Experimental animals. Healthy guinea pigs, six to eight 
weeks of age, and weighing 280 to 300 grams were fed a vitamin C-free 
basal diet supplemented with different amounts of ascorbic acid. The 
basal diet consisted of rolled oats 36 per cent, bran 18 per cent, heated 
skim milk powder 30 per cent, dried yeast 5 per cent, hydrogenated fat 
(Crisco) 8 per cent, cod liver oil 2 per cent, sodium chloride 1 per cent. 
The experimental period lasted 34 days and at the end of that time the 
animals were destroyed and scored for scurvy by the method of Sherman, 
LaMer and Campbell (1922). 

Determination of ascorbic acid. The ascorbic acid content of the ox- 


alated blood plasma was determined by the micro-method of Farmer and 


Abt (1936) with an accuracy of +0.08 mgm. per 100 ml. of plasma. 

Determination of serum calcium. Serum calcium was determined by the 
Tisdall (1923) modification of the Kramer and Tisdall (1921) method, but 
with the exception that the wash solution was added to the surface of the 
precipitate and not mixed with it. By this method 98 per cent of added 
calcium was recovered. 

Determination of serum phosphatase. Phosphatase activity was de- 
termined by the King and Delory (1937) micro-method and is expressed 


1 Published as scientific paper no. 458, College of Agriculture and Agricultural 
Experiment Station, State College of Washington. 

2 The data in this paper have been taken from a thesis submitted by W. Brewer in 
partial fulfillment of the requirement for the degree of master of science, 1939. 
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as units per 100 ml. of serum. Each unit is equal to the milligrams of 
phenol liberated from a di-sodium phenyl phosphate substrate in 15 
minutes at 37°C. and pH 9.0. Color comparisons were made in a Duboseq 
colorimeter. ‘The micro-method was chosen because of the small amount 
of serum required. According to King and Delory, the results obtained 
by this method are quantitatively equal to those obtained by the macro- 
method of King (1934). Brown (1936) in a comparative study of the 
different methods of phosphatase determination found that the method 
of King (1934) gave results consistent with those obtained by the Bodansky 
method (1932). 

Blood samples. Yor the ascorbic acid determinations, blood was taken 
from the heart of the etherized animal using a syringe which had _ pre- 
viously been rinsed with a 2 per cent solution of lithium oxalate. For the 
serum calcium and phosphatase determinations the throat of the animal 
was severed and the body drained of blood. Ether was reported by 
Bowman and Muntwyler (1937) to cause an increase in the amount of 
ascorbic acid excreted in the urine, and Ecker (1938) reported that there 
Was 2 rise in serum ascorbic acid after ether anesthesia. Since ether might 
possibly have caused a change in the level of the blood constituents being 
studied a preliminary investigation was made with blood samples taken 
without ether and after 15 and 45 minutes under ether anesthesia. Plasma 
ascorbic acid and serum phosphatase were determined under these con- 
ditions, but insufficient blood was obtainable from each animal for similar 
studies on calcium content. 

Plasma ascorbic acid values of blood samples taken from four animals 
without ether were 0.41, 0.30, 1.03 and 0.46 mgm. per 100 ml. whereas 
after seven minutes under ether anesthesia the plasma values were 0.44, 
0.30, 0.97 and 0.44 mgm. per 100 ml. respectively. There was a rise 


in the plasma ascorbic acid content after 45 minutes of ether the respective 
values being 0.56, 0.36, 1.17 and 0.58 mgm. per 100 ml. Since there was 
no appreciable change in plasma ascorbic acid in seven minutes of ether, 


all blood values reported in this paper were taken within seven minutes 
of the time when ether was first given. 

Determination of serum phosphatase activity of blood samples from 
three animals showed the following values: without ether, 9.2, 14.4, 12.0 
units per 100 ml.; under ether for 15 minutes 9.5, 14.1, 11.5 units per 100 
ml. and under ether for 45 minutes 12.3, 12.4 and 15.7 units per 100 ml. 
There was no change in phosphatase activity after 15 minutes of ether and 
therefore all blood samples for serum phosphatase determinations were 
collected within 15 minutes after administration of ether. 

Blood samples for calcium determinations were taken at the same time 
as those for phosphatase. 

Series I. Blood plasma ascorbic acid in relation to ascorbic acid intake 


N. TODHUNTER AND W. BREWER 


The ascorbic acid content of the blood plasma of monkeys and man has 


been shown to be dependent upon the dietary intake of the vitamin (Far- 
mer and Abt, 1935; Greenberg, Rinehart and Phatak 1937). Few data 
have been reported for blood plasma of guinea pigs and the available evi- 
dence does not indicate what is the ascorbic acid content of the blood of 
so-called normal animals or whether the ascorbic acid content is influenced 
by the diet. In order to clarify this question, blood determinations were 
made on all available guinea pigs in the laboratory; these included animals 
which had received 8 mgm. of crystalline ascorbic acid® daily for 34 days, 
and animals which had received 2 mgm. of ascorbic acid daily from lemon 
juice or from the crystalline form of the vitamin for the same period of time. 
Another group of animals being used for vitamin C assay of certain fruits 
received basal diet only for 13 days followed by daily fruit supplements 
which supplied approximately 0.5 mgm. of ascorbic acid daily for 21 days. 
A group of negative controls was maintained on the vitamin-C-free basal 
diet until they showed signs of severe scurvy; blood samples were then 
taken and the animals were destroyed. 

The mean plasma ascorbic acid values for the different groups of ani- 
mals are summarized in table 1. The negative controls showed no measur- 
able amount of ascorbic acid in the blood plasma. Those animals which 
had been made scorbutic and then fed various fruit supplements supply- 
ing approximately 0.5 mgm. ascorbic acid daily had scurvy scores ranging 
from 0 to 11 and the blood plasma ascorbic acid content was 0.16 mgm. 
per 100 ml. with a standard deviation of +0.07. The mean value for 
plasma ascorbic acid of animals receiving 2.0 mgm. of ascorbic acid daily 
was 0.22 mgm. per 100 ml. with a standard deviation of +0.03. Statis- 
tical treatment of the data of these two groups as described by Snedecor 
(1938) for determination of ¢ gives a t value of 4.962 which shows that the 
difference between the two groups is significant. 

Guinea pige which received 8 mgm. of ascorbic acid daily had a mean 
plasma content of 0.54 mgm. per 100 ml. with a standard deviation of 
+0.11; the ¢ value of 9.119 shows this to be a highly significant increase 
in blood ascorbic acid over the group receiving 2.0 mgm. daily. Thus the 
ascorbic acid content of the blood plasma of guinea pigs is seen to be de- 
pendent on the intake. 

Series II. Ascorbic acid, calcium, and phosphatase content of blood of 
guinea pigs with varying degrees of scurvy. In this series three groups of 
animals were used and were comparable in every way except for the amount 
of vitamin C fed and the consequent degree of scurvy. In group I there 
were 8 animals which had received 8 mgm. ascorbic acid daily throughout 


>We are indebted to Merck and Company, Rahway, New Jersey for a generous 
supply of ascorbic acid 
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the experimental period; these animals appeared to be healthy and in 
creased rapidly in weight during the period. There were 21 animals i: 
group IT and on autopsy all showed mild scurvy with scores ranging from 
one to eight. In group III] there were 10 animals all of which showed s¢ 

vere scurvy with scores of 9 to 16. The ascorbie acid content of the blood 
plasma, and the phosphatase and calcium content of the serum of each 
animal were determined with the exception of six animals where the blood 
supply was inadequate for the calcium determination. The data are 
summarized in table 2... No measurable amount of ascorbic acid was found 
in the blood plasma of animals with severe scurvy; those with mild scurvy 
had an average of 0.20 mgm. +0.062* per 100 ml. and the normal animals 
averaged 0.57 mgm. +0.105 per 100 ml. The difference between the two 
latter groups is significant, ¢ value being 9.38. 


TABLE 1 
Ascorbic acid content of blood plasma of guinea pigs with different intakes of) 
ascorbic acid 


NUMBER OF 
ANIMALS ASCORBIC 
SURV IP STANL I t 
ASCORBIC ACID INTAKE DAILY AID FSR | STANDARD 
SCORE 100 ML DEVIATION VALUE 
Fe- PLASMA 


Males 
males 


mgm 
& mgm. for 34 days ) 0.54 0.11 
2 mgm. for 34 days 0.22 0.03 
Basal diet only for 13 days then 
0.5 mgm. for 21 days 3 0-11 0.16 0.07 $.962 


In the normal animals the mean phosphatase value in units per 100 


ml. of serum was 17.0. Mild scurvy caused a slight rise in phosphatass 
activity to 21.0 units and the ¢ value for the mean difference between these 
two groups was 2.29 which is barely significant. The animals with severe 
scurvy showed a marked lowering in phosphatase to 6.8 units. The ¢ 


value of the mean difference in phosphatase value between this group of 
animals with severe scurvy and the normal animals was 5.49; the ¢ test 
also showed that the difference between the means for the group with mild 
scurvy and the group with severe scurvy was significant, the value being 
9.47. 

The mean serum calcium content was approximately the same for all 
three groups being 13.1, 13.9 and 13.0 mgm. per 100 ml. of serum. 

A comparison was also made of the blood constituents for each sex but 
in some groups insufficient numbers of animals had been used to draw any 
conclusions. There appeared to be no difference in the ascorbic acid 


* Standard deviation. 


Ascorbic acid, phosphatase and calcium content of blood of scorbutie 


DEGREE OF SCURVY 


None (8 mgm. ascorbic 
acid daily) 


Mean 


Mild (score 1-8) 


Mean 


Severe (score 9 16) 


Mean. 


rABLE 2 


guinea pigs 


PLASMA 
ASCORBIC 
ACID 


SERUM 
PHOSPHA 
TASE 


ANIMAL SCURVY 
NO. SCORE 


mgm. per 
100 ml 


0.6! 24.9 
0.72 


units per 
100 mi. 


6 


and non- 


scorbul 


SERUM 
CALCIUM 


mgm. per 
100 ml 


12 
14. 
14.6 
14 
1] 
10 


] M 0 
3 M 0 0.57 15.2 
4 0 0.55 17.6 
5 M 0 0.53 13.8 
6 M 0 0.62 13.6 
7 M 0 0.44 17.8 
8 0) 0.44 12.6 
| 0.57 17.0 13.1 
2 0.21 22.4 
10 } 5 0.17 20.5 ¥.8 
11 M l 0.21 17.8 15.1 
12 M 3 0.23 21.6 14.9 
13 M 3 0.16 17.4 13.7 
14 Ih 5 0.16 17.0 13.3 
15 M l 0.34 16.7 13.4 
16 M ] 0.26 15.8 12.6 
17 0.21 25.6 12.4 
18 M 3 0.30 29.8 12.6 
19 M | 0.21 24.0 15.0 
20 M 3 0.22 27 .4 14.0 
21 k l 0.23 16.3 10.2 
22 0.10 16.8 11.4 
23 M I 0.10 23.6 11.9 
24 i 0.17 17.1 12.9 
25 M 0.25 26.1 12.3 
26 k 0.24 20.2 13.8 
27 F 0.26 | 14.8 
‘ 28 M 0.12 27.0 15.2 
29 F 0.15 | 24.1 
7 0.20 21.0 13.0 
30 0 11.6 15.3 
31 I 11 0 11.4 14.7 
33 | 12 0 4.6 11.9 
34 I 14 0 3.4 12.4 
35 13 0 6.2 } 
36 M 15 0 4.2 14.5 
37 M 10 0 6.6 15.5 
38 M 14 0 9.5 
39 M 15 0 2.4 13.0 
0 6.8 13.9 
314 
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content of the blood plasma of males and females. In the group receiving 
2 mgm. of ascorbic acid per 100 mgm. plasma the average for six males was 
0.24 mgm. and for six females was 0.21 mgm. In the group receiving 
0.5 mgm. of ascorbic acid the average plasma content for 40 males was 
0.15 mgm. and for 33 females it was 0.17 mgm. 

Similarly the calcium content of the blood of the two sexes was com- 
parable. In the group with scurvy scores ranging from | to S&S the 
average calcium value for 12 males was 13.6 mgm. per 100 ml. and for 6 
females was 11.9 mgm. In the group with scurvy scores of 9 to 16 the 
average for three males was 14.3 mgm. and for four females 13.6 mgm. per 
100° ml. 

There was considerable variation in the phosphatase values within each 
group; for those having scurvy scores of 1 to 8, a group of 9 females 
had an average of 18.8 phosphatase units per 100 ml. and a group of 12 
males 22.7 units. 

Series III. Ascorbic acid, caletum, and phosphatase content of blood of 
animals with restricted food intake. Guinea pigs suffering from scurvy 
show loss of appetite and lowered food intake, and it is possible that the 
lowered food consumption of the scorbutie animals studied in series I and 
Il might have been an influencing factor on the levels of the blood constit- 
uents. In this series, therefore, the paired-feeding method was used so 
that the food intake for each pair of animals was comparable. Six pairs 
of guinea pigs were used, one animal of each pair received basal diet only 
and the other received 8 mgm. of ascorbic acid daily in addition to the 


amount of basal diet equivalent to that which had been consumed by the 


corresponding pair-mate on the previous day. The experimental period 
was 34 days except for two animals on basal diet only that lived 26 and 28 
days and the pair-mates were killed on the corresponding day. 

The ascorbic acid, calcium, and phosphatase values are summarized 
in table 3. The secorbutic animals had scurvy scores ranging from 9 to 15 
and no measurable amount of ascorbic acid in the plasma. Pair-mates 
receiving 8 mgm. of ascorbic acid daily had plasma values ranging from 
0.31 mgm. to 0.41 mgm. per 100 ml. which is considerably lower than the 
ascorbic acid content of the blood plasma of the animals in series Il with 
the same ascorbic acid intake but unrestricted food consumption. 

The serum phosphatase activity of the animals receiving 8 mgm. of 
ascorbic acid daily was markedly greater than that of the scorbutic pair- 
mates but was lower than the mean value for animals in series II that also 
received 8 mgm. ascorbic acid daily and unrestricted food intake. 

The serum calcium levels for the pair-mates in this series were com- 
parable and were similar to the animals in series II. 

In table 3 the weight gains for the pairmates are also shown. Although 
the average daily food intake was approximately the same for each pair 
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of animals those receiving ascorbic acid daily showed much greater gains 
in weight. McHenry, Reedman and Sheppard (1938) have reported 
similar findings and attribute the weight difference to the diminished 
retention of water in the bodies of animals which lack ascorbic acid (Shep- 
pard, McHenry 1939). 

Discussion. The data reported here clearly demonstrate that the 
ascorbic acid content of the blood of guinea pigs is dependent on the dietary 
intake of this substance and is not caused by the lowered food intake which 
accompanies the development of severe scurvy. These findings are in 


TABLE 3 
Ascorbic acid, calcium and phosphatase content of blood of guinea pigs in paired 
feeding study 


ASCOR- 
BIC BODY WEIGHT > SERUM SERUM 
ACID 9ERI- SCURVY PHOS 

INTAKE MENTAL SCORE PHA- 
PER Ini- Maxi- 


Total PERIOD TASE 
Final T°t@l | intake 
DAY tial mum gain 


mgm. units mgm, 
mgm. grams grams grams grams grams days per 100 perl00 per 100 
ml. ml. 


0.0 300 415 319 19 34 0 5.2 


291 390 360 69 34 ) 0.40 15.8 


308 330 23: 28 
302 | 316 | 2 2 28 


312 316 
305 331 


304 435 20 
313 470 17 


302 302 13 34 
305 | 385 | 13 34 


300) 300s «177 2 10 34 
296 335 27 2 10 34 


agreement with those of other workers who have reported on the blood 
ascorbic acid of man and of monkeys in relation to the diet. Ecker and 
co-workers (1938) have reported values of 1.04 to 2.13 mgm. per 100 ml. 
of blood serum for guinea pigs fed green food for eight days which is con- 
siderably higher than the values obtained in this study for animals fed 8 
mgm. ascorbic acid daily. 


Serum phosphatase activity has been reported to be affected by abnor- 


mal conditions such as jaundice and various bone diseases as well as 
scurvy. Smith and Maizels (1932) have reported that there was a definite 


GUINEA 

SEX 

NUM- = 

BER 

M 

? 2 M 8.0 

{ I & 0 0 0.32 5.0 13.4 
5 } 0.0 P| 215 97 11 26 12 0 1.6 11.9 
6 8.0 312 7 11 26 0 | 12.7 | 14.8 
& M 8.0 34 i) 0.40 | 15.2 | 12.8 
10 M g%7 0 ().34 6.6 15.0 
12 F 8.0 ) 0.31 11.4 13.8 
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increase in serum phosphatase activity in rickets in young children and this 
serum phosphatase rise has been recommended as a valuable index of 
early cases of rickets (Barnes and Carpenter, 1937). The bone changes 
taking place in scurvy are apparently caused by a lack of formation of 
intercellular substances (Wolbach, 1926) and a cessation of ossification 


and growth. This may account for the low phosphatase values reported 


in cases of scurvy in children (Smith and Maizels, 1932). Seoz and 
co-workers (1937) found first an increase in phosphatase activity and then 
a decrease during the progress of scurvy in guinea pigs. The data reported 
here show that animals with mild scurvy as indicated by scurvy scores of 
one to eight, showed some increase in serum phosphatase activity but 
statistical analysis shows that the increase is probably not significant. 
However, in animals with severe scurvy the serum phosphatase activity 
was significantly lower than that of healthy animals. Paired feeding 
experiments demonstrated that the degree of scurvy and not the restricted 
food intake was the cause of lowered phosphatase activity of the serum 
since the pair mates with similar food intake but adequate ascorbic acid 
had markedly higher phosphatase values. 

Our findings with regard to the calcium content of the blood serum are 
in agreement with those of Goettsch and Key (1928) and Humphrey and 
Zilva (1931) who found a wide range in the serum calcium but no indica 
tion that these changes paralleled scurvy. Lowered food intake in thi 
later stages of scurvy had no effect on the calcium level of the blood 


SUMMARY 


The ascorbic acid, calcium, and phosphatase of the blood of guinea 
pigs receiving varying amounts of ascorbic acid as supplements to the 
basal ration were studied. The ascorbic acid content of the blood was 
found to be negligible in scurvy and to increase as the dietary intake was 
increased. A daily supplement of 8 mgm. ascorbic acid during the 
experimental period gave a mean blood value of 0.54 mgm. per 100 ml. of 
plasma; the corresponding value was 0.22 mgm. per 100 ml. when thi 
daily intake was 2 mgm. ascorbic acid. 

The phosphatase activity of the serum was increased slightly in mild 
scurvy and decreased markedly in cases of severe scurvy. 

Serum calcium values remained unchanged in scorbutic animals. 

Differences observed in phosphatase values and ascorbic acid content 
of the blood were not attributable to sex or to the amount of basal diet 
eaten, and were unchanged during 15 minutes of ether anesthesia. 
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Among the characteristic and consistent changes in the rabbit uterus 
during the final stages of pregnancy, three may be especially important 
in the sequence of events leading to parturition. Two to three days 
before delivery the following changes can be observed: 1, increased color, 
of vascular origin, approaching a bluish-red on the day of delivery (Marke 
and French, 1934); 2, increased volume of the entire uterus reaching a max- 
imum on the day of delivery, then slowly receding for 6 to 8 days post- 
partum (Markee and Andersen, 1934), and 3, increased amounts of inter- 
cellular fluid, or edema, reaching a peak on the day of delivery, then 
gradually receding for 6 to 8 days after delivery (Krichesky, unpublished 

In attempting to determine whether a full term or immediately post- 
partum, edematous uterus contains a local factor capable of inducing 
edema in a non-pregnant uterus, it was found (Krichesky and Pollock, 
1940) that a crude saline extract of rabbit uterus, taken within a few hours 


after delivery, is extremely toxic to non-pregnant animals when injected 
intravenously in relatively small doses. This study was undertaken to 


confirm these previous findings and to determine, if possible, the nature 
of the toxic substance in extracts of full term edematous uteri. 

MATERIALS AND METHODS. A total of 71 rabbits were used in this study; 
of these 54 were non-pregnant females, 12 were females in late stages of 
pregnancy or a few days post-partum, and 5 were males. 

Four experiments were carried out: 1, to determine the toxicity of saline 
extracts of post-partum rabbit uteri; 2, to ascertain the toxicity of non- 
pregnant uteri and of skeletal muscle from post-partum rabbits; 3, t« 
establish whether or not blood serum or whole blood from animals in late 
stages of pregnancy and immediately post-partum is toxic, and 4, to arrive 
at the nature of the toxic factor in post-partum uterine extracts. 

In the first experiment all extracts were prepared as follows: Uteri wer 
excised within a few hours after delivery, weighed, and ground to a mash 
with washed sand. A volume of saline equal to half the weight in grams 
of the fresh tissue was added. The mixture was shaken intermittently for 


1 Aided by a research grant from the University of California. 
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30 minutes, then centrifuged. The supernatant fluid was collected and the 
residue re-extracted. The supernatant fluids from the two extractions 


were combined and saline added until 1 ce. of the final solution represented 
0.5 gram of fresh tissue. Merthiolate (1:50,000) was added and the ex- 
tracts stored in a refrigerator. All extracts were used within four days 


of their preparation. 

In the second experiment extracts of non-pregnant uteri and of muscle 
were prepared in the manner described. Abdominal muscles and portions 
of the thigh muscles were taken from post-partum animals used in ex- 
periment 1, 

For experiment, blood was collected from the marginal ear vein of 
donor -rabbits. Serum alone was used in some instances and whole 
blood in others. 

It soon became evident that the toxic factor in post-partum uterine ex- 
tracts was histamine-like in its action. For this reason, in the fourth 
experiment attempts were made to inactivate the toxie substance by using 
the enzyme histaminase (Torantil 360).2. Histaminase in various propor- 
tions was added to both histamine and to toxic uterine extracts, the pH 
adjusted to 7.2 and the mixtures incubated for 24 hours at 37.5°C., then 
filtered, and the filtrate injected. 

All animals were injected intravenously with a maximum single dose of 
10 ce. Where larger doses were given they were administered by an addi- 
tional maximum of 10 ec. on each successive day. 

ResuLts. Experiment 1. Toxicity of post-partum uterine extracts. A 
total of 9 extracts were prepared from rabbit uteri taken between 2 and 
12 hours after delivery, 10 within 7 hours and only two as long as 10 and 
12 hours post-partum. These were injected intravenously into a total of 
23 non-pregnant animals. The average lethal dose was 5.6 cc. representing 
2.8 grams of fresh tissue. The potency of the individual extracts varied 
considerably, but in all instances the recipients succumbed within two 
minutes after injection. The least toxic extract required an average dose 
of 14.5 ce. to cause death. In the preparation of this extract the excised 
uterus was allowed to stand in the refrigerator for approximately 34 hours 
before extraction and it is possible that the toxie factor was partially 
destroyed or inactivated during that time. Only one extract was lethal 
in doses as small as 0.5 ce. 

Young and old animals of both sexes proved equally susceptible. 
\lthough complete data were not obtained it appeared that the lethal dose 
Was approximately proportional to body weight. 

In addition to the animals mentioned above, three rabbits were injected 


? Histaminase (Torantil 360) was generously supplied by the Department of 
Medical Research, Winthrop Chemical Company, Inc. 
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intraperitoneally. When given by this route the extracts also proved 
fatal, although a larger dose was required and a longe r time elapsed before 
death. 

Since there are large necrotic areas and masses of autolyzed cells in th 
post-partum uterus, the possibility existed that animals possessing such a 
uterus might be less susceptible to toxic extracts than non-pregnant 
animals. ‘Toxic uterine extracts were injected into the following animals 
one animal one day pre-partum, two animals on the day of delivery and 
two animals one day post-partum. These five animals died within two 
minutes of administration of approximately the same quantity producing 
death in non-pregnant animals. Thus the presence of an edematous 
uterus in situ, containing the toxic factor, does not influence the suscep 
tibility of the animal to extracts of known toxicity. 

Experiment 2. Effects of extracts of non-pregnant uterus and of muscle. 
In this experiment extracts of non-pregnant uteri and of muscles were 
prepared in the manner described for post-partum uteri, each cubie ecenti- 
meter representing 0.5 gram fresh tissue. 

Five extracts of non-pregnant uteri were injected intravenously into a 
total of 8 animals. The average dose was 26.2 cc. representing 13.1 
grams of fresh tissue. Four of these extracts proved harmless in doses 
ranging from 15 to 37.5 ec., while one extract proved toxic in a dose of 20 
cc. All animals received large doses and even in the only case of toxicity 
in an extract of non-pregnant uterus the lethal dose was almost five times 
greater than the average dose employed in experiment 1. These results 
indicate that the toxic factor present in post-partum uterine extracts is 
either absent or present in only low concentrations in non-pregnant uteri. 

As a further control for experiment 1, four extracts were prepared from 
skeletal muscle taken from the same animals providing uterine material 
for extracts used in experiment 1. Six non-pregnant rabbits were given 
an average dose of 41.7 ec. of this material, representing 20.8 grams of 
fresh tissue. In no case did the muscle extracts prove fatal, indicating 
that if the toxic factor was present its concentration was too low to produce 
symptoms in the quantities used. 

Experiment 3. Effects of blood serum and of whole blood from gravid and 
post-partum rabbits on non-pregnant animals. During late stages of preg- 
nancy and immediately post-partum the rabbit uterus contains a larger 


volume of blood than does the non-pregnant uterus or muscle, consequently 


the possibility existed that the toxic factor in post-partum uterine extracts 
was present in the blood rather than in the tissues. Blood was therefore 
collected from the marginal ear vein of both gravid and post-partum 
animals. Blood serum alone was injected into 5 rabbits in quantities as 
high as 20 ce. Whole blood was given to two animals in doses of 16 ce. 
All animals survived this treatment, indicating that neither blood serum 
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nor whole blood, in the amount used, contained a sufficiently high concen- 
tration of the toxic factor to be lethal. 

Experiment 4. Inactivation of histamine solutions and toxic uterine ex- 
tracts by incubation with histaminase. All animals that succumbed from 
an injection of toxic uterine extracts exhibited symptoms preceding death 
strikingly similar to those described for fatal anaphylaxis. There was a 
blanching of the eye and ear, extreme respiratory difficulty, accompanied 
by jerking motions of the head and body. On autopsy the lungs were 
characteristically distended and the right chambers of the heart engorged. 
The phenomenon was not considered an anaphylaxis, however, since none 
of the animals had been previously sensitized. 

Since several investigators reported a possible ‘relation between histamine 
and anaphylaxis (Dale and Laidlaw, 1910; Bally, 1929; Dragstedt and 
Gebauer-Fuelnegg, 1932; Code, 1939 and others), it seemed possible 
that the toxie factor in post-partum uterine extracts might be histamine 
or histamine-like. 

Four rabbits were injected with a histamine solution containing 1.0 
mgm. per cubic centimeter. ‘Two of these were given a total of 0.5 ec., or 
0.5 mgm., and two a total of 1.0 ce., or 1.0 mgm. The smaller dose pro- 
duced severe shock from which both animals recovered, while the larger 


dose killed the animals in less than two minutes and reproduced accurately 


the symptoms and pathological changes following administration of toxic 
uterine extracts. This provided further evidence that the toxic factor 
might be histamine or a histamine-like substance. 

Best and McHenry (1930, 1931) reported the isolation of an enzyme, 
histaminase, which destroyed the activity of histamine when incubated 
with it. The enzyme itself is not toxic even when given in relatively high 
concentrations (Barlow, unpublished). Three rabbits were given 3, 5 and 
10 units respectively of histaminase intravenously and exhibited no ill 
effects. In accord with the work of Best and McHenry (1930, 1931) two 
rabbits given 4 and 5 times the lethal dose of histamine previously 
incubated with histaminase also exhibited no symptoms, indicating that the 
amine had been inactivated. 

Since it appeared that the toxic factor in uterine extracts might be 
histamine, extracts of known toxicity were incubated with histaminase, 
then tested for activity. To 40 cc. of one extract 25 units of histaminase 
were added, the pH adjusted and the mixture incubated for 24 hours at 
37.5°C. and then filtered. The filtrate was given to 4 animals in doses of 
9 cc. (9 times the lethal dose of this extract before inactivation). None 
of these animals succumbed and only one exhibited symptoms of shock. 
In another instance, 50 ec. of an extract were incubated with 20 units of 
histaminase and the filtrate given to four animals in doses of 12 ce. Al- 
though this was four times the lethal dose of this extract before treatment 
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with histaminase, it failed to produce any of the characteristic symptoms 
of toxicity. 

The addition of 8 units of histaminase to 12.0 ce. of another extract but 
without subsequent incubation, had no effect on toxicity when tested on 
two animals. The incubation of an extract of known toxicity but without 
added histaminase also failed to alter the toxicity of the material. ‘These 
results indicate that the toxic factor in extracts of the post-partum rabbit 


uterus is inactivated by the action of histaminase and consequently if 


may be assumed that the toxic factor is histamine or a histamine-lik 
substance. 

Discussion. It is unusual that saline extracts of normal tissue are 
toxic to animals of the same species. However, such extracts of the post- 
partum rabbit uterus, taken within 12 hours after delivery, are extremely 
so. Furthermore, the absence of toxicity from similar extracts of the non- 
pregnant uterus indicates that the toxic material is associated with a par- 
ticular physiological state. 

Our results indicate that the toxic factor is either histamine or a sub- 
stance histamine-like in its physiological properties and chemical struc- 
ture. Reference has been made to the reported relation between histamine 
and anaphylaxis. Symptoms preceding death and pathological changes 
after death, following administration of toxic uterine extracts, are accu 
rately reproduced by lethal quantities of histamine. 

A more specific test is the inactivation of the toxic material by incubation 
with histaminase. By this means the activity is destroyed and some 
structural similarity to histamine is inferred, since it is suggested by Best 
and McHenry (1930) that histaminase acts on histamine by destruction 
of the imidazole ring.* 

The presence of large amounts of a substance with histamine-like action 
may possibly explain some of the characteristic histological and physio- 
logical changes in the full term rabbit uterus. The intensity of color, of 
vascular origin, increases to a bluish-red on the day of delivery and then 
slowly diminishes (Markee and French, 1934). Observations by one of us 
(Krichesky, unpublished) indicate that the capillary bed and small venules 
of the endometrium are greatly dilated and filled with blood cells beginning 
two days pre-partum until two days post-partum. This can be explained 
by a constriction of the veins with a consequent dilatation in venules and 
‘apillaries, producing stasis. Capillary dilatation and venous constriction 
after histamine has been reported by several investigators (Feldberg, 1927 


3 In addition, extraction of histamine by the method of Barsoum and Gaddum, 
(1935) was carried out on one extract and the resulting substance, even in dilute 
solutions, produced contractions of the guinea pig ileum immersed in Tyrode's 
solution, providing further evidence that the toxic factor is histamine or histamine- 
like in its properties. 
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Ruhman, 1932; Sturm and Dauter, 1937 and others). By this action 
on the vascular system, it is possible that a substance with histamine-like 
properties may account for the increased intensity of color in the uterus 
and endometrium toward the end of pregnancy. 


The presence of a substance with histamine-like activity may explain 
adequately both the growth in size of uterus and endometrium during the 
last two or three days of pregnancy (Markee and Andersen, 1934), and the 
accumulation of intercellular fluid (IXrichesky, unpublished). The H-sub- 
stance postulated by Lewis (1927) in the triple response of the skin to 
histamine or mechanical stimulation, suggests increased capillary per- 


meability. It has been demonstrated also by Ravenna (1930), Kiuchi 
(1937), and others, that capillary permeability is increased by the adminis- 
tration of histamine. Consequently, the presence of large amounts of 
histamine, or a substance with histamine-like activity, because of its 
effect on capillary walls, may produce an edema resulting in an increase 
in the size of the organ. 

The expulsion of the embryos at the end of pregnancy may be influenced 
also by the presence of a high concentration of a histamine-like substance 
in the full term rabbit uterus. Dale and Laidlaw (1910) recorded the 
contractions of the uterus in a pithed cat after administration of 1.0 mgm. 
histamine intravenously. Jn vitro experiments by tum Suden (1934) 
using rats, and Sugimoto (1937), using several different animals, obtained 
uterine contractions on addition of histamine. In view of the work of 
Barsoum and Gaddum (1935) who found that rabbit blood contains the 
highest histamine equivalent in the series of common laboratory animals 
studied, it is not surprising that Sugimoto found the rabbit uterus least 
sensitive in the series of animals he studied. 

Bourne and Burn (1927), however, in some clinical studies, reported 
that although injections of 2 mgm. of histamine under the skin produced 
powerful but short lived contractions of the uterus, labor was not accel- 
erated. They do not consider histamine a factor initiating termination of 
pregnancy because, in their experiments, uterine muscle activity ceased 
after the effect of histamine had worn off. 

Little is known quantitatively or qualitatively of histamine in the full 
term human uterus, but in the rabbit, at least, it is difficult to conceive of 
the presence of large amounts of a histamine-like substance capable of 
exerting such a powerful effect on smooth muscles without its taking some 
part in the contractions of the uterus leading to parturition. In agreement 
with this view is the work of Danforth (1939) who reported that a high 
histaminase content of the human placenta is accompanied by weak uterine 
contractions whereas a low histaminase content of the placenta is accom- 
panied by vigorous contractions. This suggests that in the case of high 
histaminase content, histamine or histamine-like substances are inactivated 
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resulting in weak uterine contractions, strong contractions being present 
only when the histaminase content is low. 

In addition, Marcou and Atanasia-Vergu (1937) find that the concentra- 
tion of blood histamine is lower in pregnant than in normal women and that 
the concentration falls very low, less than 0.05 gamma per cubic centimeter 
during labor. They suggest that the histamine is taken up by other organs 
but it is possible, in the rabbit at least, that it is taken up by the uterus itself, 
since a high concentration of a histamine-like substance is present in the 
rabbit uterus at that time. The mechanism of this decrease is unknown 
and Mareou and Atanasia-Vergu postulate that a low level of blood hista- 
mine, normally a vasodilator, may reduce post-partum hemorrhag 


However, high concentrations of histamine are known to produce con- 
striction of the arteries (Feldberg, 1927; Wilson, 1936 and Kiuechi, 1937 
The possibility exists, therefore, that post-partum hemorrhage may be 


reduced not because of a low concentration of histamine in the blood but 
because of arterial constriction due to a high concentration of histamine 
or a histamine-like substance in the uterus at that time. 


SUMMARY 


|. Saline extracts of post-partum rabbit uteri, taken within 12 hours 
after delivery, contain a toxic substance lethal to non-pregnant animals 

2. With one exception, the toxic factor was not present in non-pregnant 
uteri or in skeletal muscle, blood serum, or whole blood of rabbits in lat« 
stages of pregnancy or one day post-partum. 

3. Animals one day pre-partum to one day post-partum are no less 
susceptible to the toxic factor than are non-pregnant animals. 

4. The toxie factor is probably histamine or a histamine-like substance 
It resembles histamine in physiological properties and is readily inactivated 
by incubation with histaminase. 

5. The presence of histamine or a histamine-like material in the full 
term and post-partum rabbit uterus is discussed in relation to events 
leading to parturition, 1.c., color change, edema, muscle contractions and 
post-partum hemorrhage. 
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In 1930 Delrue (1) reported that the isolated gastric mucosa of the frog, 
when mounted properly in a dual-chambered bath, will secrete acid and 
will respond to the addition of drugs. The same author subsequently 
demonstrated (2) the effects of varying the ionic composition of the arti 
ficial medium on the tn vitro production of acid. The theoretical im 
portance of this approach to the study of the mechanism of acid formation 
by the gastric glands is apparent. However, to our knowledge, this work 
has never been confirmed, nor has the method been applied to the problem 
of acid formation. 

Metuops. From a pithed frog the stomach, together with a short 
segment of the esophagus and duodenum, was removed and washed out 
with isotonic saline. An incision was made along the lesser curvature 
through the muscularis layer and the intact mucosal layer was dissected 
free. The resulting tube of mucosa was cut along the lesser curvature 


and spread out as a flat membrane over a hole, one centimeter in diameter, 


made in the center of a thin Monel metal plate 4 em. square. Another 


similar metal plate was placed on top of the mucosa and the two were 
bolted together with the mucosa held firmly between them. ‘This assembly 
was then mounted between two small glass chambers shaped like CaCl, 
tubes. Each chamber had a hole 3 inch in diameter ground on one side 
The chambers were clamped together with a modified burette clamp in 
such a way that the edges of the holes in the glass chambers were pressed 
in water-tight contact with rubber gaskets which had been cemented 
around the holes in the metal plates. The contents of the two chambers 
were thus separated only by the thin layer of the gastric mucosa. 

One chamber with a capacity of 6 cc. was filled with 0.7 per cent NaCl 
solution through which air was bubbled; this solution bathed the natural 
secretory surface of the mucosa. The other chamber with a capacity of 
15 ee. was filled with an artificial nutrient solution aerated with 95 per 
cent oxygen and 5 per cent carbon dioxide; this solution bathed the side of 
the mucosa which had originally been in contact with the muscularis. 

327 


328 J. S. GRAY, J. L. ADKISON AND K. ZELLE 


The fluid level in both chambers extended above the upper edge of the 
mucosa, but higher on the nutrient than on the secretory side. This 
caused the loose membrane to balloon slightly into the secretory solution, 
so that the agitation produced by acration effectively stirred the solution 
and prevented a tenacious layer of mucus from forming on the mucosal 
surface. 


The outlet at the bottom of both chambers permitted convenient empty- 


ing, and, in the case of the secretory chamber, it provided a connection 
for a salt bridge for the measurement of pH. The bridge was filled with 


Fig. 1. Diagram of dual-chambered bath. When a pH determination is made, 
the aeration tube is removed and the glass electrode is inserted into the secretory 
hamber from the top 


the same solution as the secretory chamber (0.7 per cent NaCl). The 
junction between this solution and the reference cell was made by means of 
a KCl-agar cap as recommended by the Coleman Electric Company. 
‘The glass electrode was inserted into the secretory solution from the top, 
making it possible to record the pH at any time without withdrawing or 
contaminating the secretory solution. The pH readings were made with 
the Coleman pH Electrometer. 

The nutrient solutionhad an ionic composition similar to that of frog’s 
blood. Its high sodium bicarbonate content necessitated aeration with 
an oxygen-carbon dioxide mixture in order to maintain a pH of 7.4. The 
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solution contained, as millimols per liter, 71.75 of NaCl, 20.0 of NaHCQs, 
5.0 of KCI, 1.25 of CaCh, 1.20 of sodium phosphate buffer (pH 7.4), 0.80 
of MgCl. Anhydrous glucose was added in a concentration of 50 mgm. 
per cent. 

Resuuts. A large number of experiments have been made with various 
modifications of the apparatus and with various nutrient and secretory 
solutions. However, only results obtained with the method as described 
above, which yielded the most consistent and satisfactory results, will 
be given. 

When the gastric mucosa of the frog was mounted as described, but not 
treated in any way, the pH of the secretory solution gradually fell over a 
period of hours and reached a plateau. In figure 2, the average of eight 
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Fig. 3 
Fig. 2. Theinvitrosecretion of acid. The changes in pH of the see 
during 4 different types of experiment are given 
Fig. 3. The in vitro secretion of acid by the ‘‘untreated’’ mucosa. The acidity 
is given in millimols/]. (clinical units) and the output of acid each half hour is given 
in thousandths of a millimol. 


consecutive experiments of this type is presented in the form of a graph 
The pH fell from an original value of 6.4 to a final value of 2.55. The 
highest acidities of the individual experiments ranged from pH 2.86 to 2.14. 
The highest acidity that has been observed is pH 1.6. 

In figure 3, the development of acidity in the secretory solution has been 
plotted in terms of millimols per liter, instead of pH units. The rate of 
acid secretion, in terms of micro-mols (thousandth of a milli-mol) of H* 
added to the bath each half-hour, is also shown. It is apparent that thi 


mucosa does not begin to form appreciable amounts of acid until approxi- 


mately two hours after being mounted, and that after 6 hours acid forma- 
tion practically ceases. 

The factors which are responsible for this ‘‘spontaneous”’ secretion have 
not yet been determined. The cessation of secretion, however, is not duc 
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to an automatic suppression of further secretion by the presence of acid 
in the secretory solution. This is indicated by the fact that frequent re- 
newal of the secretory solution does not alter the time at which secretion 
ceases (fig. 2). 

Several types of experiment have yielded evidence which indicates that 
the am vitro production of acid represents a true secretory process. For 
example, non-specific membranes, such as the esophageal mucosa, the 
abdominal skin, or the abdominal musculo-peritoneal layer of the frog 
have failed without exception to form acid. In fact, the pH of the secre- 


tory solution has always increased (fig. 2). Of similar significance is our 
confirmation of Delrue (2) that gastric mucosa taken from winter frogs 
produces very little acid in vitro. It has been reported that the gastric 


glands of the intact frog do not secrete readily in winter (3). 

Additional evidence that the in vitro production of acid is not the effect 
of a non-specific semi-permeable membrane was obtained in the following 
way. The gastric mucosa was mounted in reverse in the apparatus; the 
secretory surface was thus in contact with the nutrient solution and the 
muscularis surface in contact with the secretory solution. Under these 
conditions, in each of 14 experiments, the pH of the secretory solution rose. 
In fact, the solution became more alkaline than in the case of the non- 
specific membranes mentioned above, suggesting that alkali was being 
liberated from the muscularis surface. The fact that the pH of the buf- 
fered nutrient solution fell slightly supports this interpretation. After 
these membranes had been mounted in reverse for 2 hours, they were 
‘stored to the proper position. In ten cases the mucosa had apparently 
been killed and failed to secrete acid after this restoration; in four cases, 
however, the mucosa survived and produced significant amounts of acid 
fig. 2). 

Discussion. The results reported here confirm and extend the ob- 
servations of Delrue. This investigator recorded the pH of the secretory 
solution by means of a quinhydrone electrode, which necessitated the 
periodic removal of samples for the determination of pH. By the use of 
the glass electrode, which does not contaminate the solution tested, this 
complicating factor has been avoided. The nutrient solution used in 
this study conforms more closely to the ionic composition of frog’s blood 
than the solution used by Delrue. The technique employed has yielded 
consistent and uniform results. 

In the majority of experiments Delrue (1) obtained pH values ranging 
from 4.2 to 4.8, although occasionally lower values (pH 2.*+) were obtained. 
This latter level he found to approximate the usual pH of the gastric 
contents of the frog. This was used as support for the belief that the 
in vitro acidity closely approximates the in vivo acidity of the frog’s stom- 
ach. However, Friedman (4) has reported that pure gastric juice obtained 
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from the frog may have a free acidity of 72 millimols per liter, whicl 
represents a pH of 1.4. One eould hardly expect to obtain this acidity 
in vitro, When the gastric secretion is diluted many times by the fluid of 
the secretory chamber. 

In our experiments the acidity regularly fell considerably below the 
range of 4.2 to 4.8, for the average was 2.55. This difference is greate: 
than appears superficially, due to the logarithmic nature of the pH unit 
As can be seen from a comparison of the pH curve of figure 2 with the 
acidity curve of figure 3, a fall in pH from 6.0 to 4.0 represents an insig 
nificant secretion of acid, whereas a fall from 3.5 to 2.5 represents the 
secretion of appreciable quantities of acid. In our experience, a pH below 
3.0 has been followed by a gradual decrease in acidity after 8 to 10 hours 
Delrue, on the other hand, reported that the plateau of acidity, presumably 
at higher pH levels, would persist for 24 hours or longer 

The production of sufficient acid to lower the pH of the secretory solution 
to an average value of 2.55, cannot be due to the formation of COs by the 
dying mucosa. Irving (5) has shown that the pH of the gastric mucosa 
of the frog after death does not fall below pH 6.0. We have found that 
bubbling air through 0.7 per cent NaCl solution will not lower the pH below 
6.0. If the formation of acid in vitro were a non-specific process, there is 
no reason why it should not have occurred when non-spectfir membranes 
were used, or when the mucosa was mounted in reverse 


CONCLUSIONS 


1. The isolated gastric mucosa of the frog, when mounted in vifro in 
a suitable dual-chambered bath, formed sufficient acid to lower the pH of 
a saline solution to an average value of 2.55. 


2. This formation of acid is believed to represent a genuine secretory 
activity on the part of the gastric glands for the following reasons: a, non- 
gastric membranes fail to form acid; b, gastric mucosa taken from winter 
frogs forms little acid; c, the gastric mucosa exhibits a polarity such that 
acid is secreted only from the natural secretory surface, and alkali is liber 
ated only from the reverse side. 
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The fasting rat developes a ketosis. The extent of this ketosis may be 
determined by many factors. Age appeared to be a factor of possible 
importance. Black, Collip and Thomson (1) noted a definite increase in 
the degree of ketosis with age when it was measured by the ketonuria of 
rats on a butter diet. Heymann (2) has examined the influence of age 
on ketosis in man by a study of the ketonuria at various ages on a keto- 
genic diet. He found that ketosis was minimal in infancy, increases dur- 


ing the first four years of life to a maximum which lasts until about. eight 
years of age and then decreases until it reaches the adult level at puberty. 
We have found the excretion of acetone bodies in the urine to be an uncer- 
tain and misleading indicator of the degree of ketosis which exists. Conse- 
quently we have examined the relation of ketosis to age in the albino 
rat using the acetone body level of the blood as a measure of the degree of 
ketosis. This figure represents the difference in the rate of production 
of acetone bodies by the liver and their rate of oxidation by the extra- 
hepatic tissues. 

EXPERIMENTAL. Male albino rats of known age were used. They had 
been receiving as a stock diet ‘Tioga dog pellets” (protein, 23.0; fat, 4.0; 
fiber, 4.0; ash, 12.5; moisture, 8.5; nitrogen-free extract, 48.0) and were 
fasted directly from this diet. Fasting was commenced at 9 o’clock in 
the evening but since rats generally sleep all day and eat at night they 
had already in one sense been some 12 hours without food when fasting 
was commenced. At twelve hour intervals groups were sacrificed for 
measurement of the acetone body level in the blood. The rats were anes- 
thetized by an intraperitoneal injection of sodium pentobarbital and a 
blood specimen taken by severing the abdominal aorta. Total acetone 
bodies in the blood samples were determined by the method of Barnes and 
Wick (3) and liver glycogen by the method of Good, Kramer and Somogyi 

1). Each group contained 3 rats except the 30 day old series in which 
there were six per group. 

tesuLTs. Averages of all pertinent data are presented in table 1. 
Following the onset of fasting at any age there is an increase in the level 
of acetone bodies in the blood. This increase tends to take place more 
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PABLI 
The influc nce UJ Uge ¢ t of fasting ke 
liver 
Group uverages 
HOURS OF FASTING 
6 45 60 72 


milligrams per 


29 
19 16 

22 2. 26 19 

18 22 26 

1] 23 7 20 

10 2 23 

Live glycogen concentration In grams per cent 

73 23 0.03 18 
QQ 17 0.04 13 36 0.57 
00 1] 0.04 11 2: 0.06 
34 0.03 13 5 0.10 
30 79 0.09 13 5 36 0.16 
66 0.06 19 0.05 


iver glycogen in milligrams per meter body surface 


20.0 
9.2 2 ) 2 18.1 
5.8 : 2. 14.0 
18.9 ) : 3 39.0 
26 .0 3. ‘ 22 .0 
34.0 8.1 
» nitrogen in milligrams per square decimeter body surface per day 
27 31* 
31 26* 30* 
31 32 23* 
3] 29 25* 
26 20* 
25* 19° 
Liver weight in grams 
1.95 
00 4 00 
90 5.00 
6.35 
2.09 
8.43 
Body weight in grams 
61 58 
99 97 
148 147 
183 
221 
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84 4 
Blood acetone body concentration in (iii cent 

days 

30 0. 

15 20 

61 l 28 21 

76 l 19 25 : 

128 0 20 16 

275 17 

30 l 
15 0.43 0.30 

61 0) .33 0.11 

76 0.75 0.15 

128 0.53 0.43 

275 0.23 0.19 

30 163 

15 160 12.1 

109 +.3 

76 «176 6.2 

128 196 11.3 

275 | 110 8.1 
Urine 

30 

15 

61 

76 

128 

275 

30 3 

45 5 3.16 
61 6 100 
76 7 .76 

128 5.15 

275 1] 7 .60 
30 72 

15 12] OQ) 
61 16! 132 
76 196 166 

128 | 241 198 

275 | 348 341 336 | 327 322 321 316 316 
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rapidly, the vounger the rat, but after the first 48 hours of fasting there is 
no significant difference in the degree of fasting ketosis at any age when 
it is measured by the blood acetone body level. 

Urine collections were made over 24 hour periods primarily for nitrogen 
determinations. None of the specimens contained acetone bodies in 
measurable quantities but traces were present in all samples which in the 
nitrogen figures in table 1 are marked with an asterisk. 

The changes in the amount of glycogen in the liver do not follow the 
variations in the acetone body concentration in the blood except for the 
tendency of the glycogen to fall more rapidly in young than in old animals. 
In all cases it reached a minimum after 24 hours of fasting and then 
tended to rise, in some cases increasing to significant amounts. 

Discussion. The decrease in the rate of onset of ketosis as the rats 
are older is undoubtedly due to the greater glycogen stores available for 
energy in the older rats. As these are exhausted and the organism is 
dependent on protein alone as a source of sugar the formation of acetone 
bodies reaches a common level. This suggests that after the first two 
days of fasting the relationship of the protein to fat which is utilized on 
further fasting must be the same at all ages. The urine nitrogen figures 
which are all of the same order of magnitude support this conclusion. 


SUMMARY 


The fasting ketosis of male albino rats as measured by the level of ace- 
tone bodies in the blood increases less rapidly the older the rat. After 
{8 hours of fasting it has reached a similar maximum for all ages. 

The amount of glycogen in the liver tends to decrease somewhat less 


rapidly on fasting in old than in young rats. At all ages it reaches a 


minimum after 24 hours without food and then tends to increase for the 
next three days. 
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Purified renin, the so-called renal pressor substance, does not cause 
vasoconstriction when perfused through the isolated rabbit’s ear (Page, 
1939). Addition of “‘renin-activator’ (IKKohlstaedt, Page and Helmer, 
1940), a substance obtained from blood plasma, to solutions of renin 
permits full vasoconstrictor effect. Further study has shown that a 
crystalline pressor substance is obtained by the interaction of renin and 
renin-activator (Page and Helmer, 1940). This substance has been called 
angiotonin and is probably the effector substance of the action of renin 

Renin, when slowly infused intravenously into conscious, trained dogs, 
causes a prolonged decrease of renal blood flow which is in great part the 
result of efferent glomerular vasoconstriction (Corcoran and Page, 1939a, 
1940). The renal action of angiotonin was therefore examined by similar 
methods. It was expected that the action of angiotonin would in some 
respects differ from that of renin, since its liberation into the blood would 
probably be slower and more uniform when presented by renin infusion 
than when given as such. A general similarity of renal effects would 
support the view that renin acts by liberation of angiotonin. 

Metuops. The methods used were those previously described in detail 
(Corcoran and Page, 1939). Renal blood flow (C/Ep 100), phenol red 


UV 
and inulin clearances {C = p) and renal extraction percentages 


( = 100 } were determined in trained, uninephrectomized female dogs 


whose remaining kidney had been subcutaneously explanted by the method 
of Page and Corcoran (1940). Plasma and urine plenol red and inulin 
concentrations were found by the methods of Corcoran and Page (1939a, b) 

Each experiment consisted of two or more control periods, during which 
phenol red and inulin in saline solution were infused at the rate of 1 cc 
per minute, their renal clearances and extractions determined, and renal 
blood and plasma flows found by calculation. Angiotonin, prepared by 
Dr. O. M. Helmer, was then added to the infusing fluid, and the observa- 
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tions continued. Blood pressures were recorded once in each period by 
femoral arterial puncture. 

Resutts. The results of two experiments are presented graphically 
fig. 1). ‘The protocols of these and of 3 other experiments are tabulated 
at the end of this paper. Several experiments done with weak solutions 
of angiotonin shortly after its existence was recognized resulted in only 
transient increases of arterial pressure and fleeting renal responses. These 
are not included in this report. Experiments done with larger doses of 
angiotonin, in which sustained increases of arterial pressure were observed, 
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Fig. 1. Effect of infusion of angiotonin on renal plasma flow, inulin extraction 
percentage and femoral arterial blood pressure. P. F., renal plasma flow; J. Ep., 
inulin extraction percentage; B. P., femoral arterial pressure millimeters of mercury 
Period of angiotonin infusion indicated by shaded area. 


always resulted in decreased renal blood flow and increased renal extrac- 
tion of inulin. 

The infusion of angiotonin at a steady pace reduced renal blood flow, 
increased arterial pressure and renal extraction of insulin. Interruption 
of the angiotonin infusion promptly results in a return of blood pressure, 
renal blood flow, and renal extraction towards normal. 

It will be noted that renal extraction of phenol red is relatively high 
during angiotonin infusion, even at plasma levels at which the load of 
phenol red brought in the plasma to the renal secretory cells is so large 
that the proportion removed from blood ordinarily decreases (above 1.5 
mgm. per 100 ec.). We have previously observed increased renal extrac- 
tion of phenol red during renal ischemia at plasma levels below 1.5 mgm. 
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TABLE 1 


Effects of angiotonin infusion on renal plasma flow, phenol 


clearances and extraction percentages 


Time in minutes from each emptying of the bladder 


amounts infused indicated by plus sign 
P.R.Ep., phenol red plasma extraction percentage; P.P.R 
red in milligrams per 100 ec.; I.C 
extraction percentage; P.F., 


Angiotonin —relative 


P.R.C., plasma phenol red clearance 
, arterial plasma phenol 
plasma inulin clearance; I.Ep., plasma inulir 
renal plasma flow; mean of values calculated fron 
phenol red and inulin clearances and extractions; B.P 


, mean femoral arterial pres 
surein millimeters of mercury. 


Values for renal clearance and plasma flow express¢ 
as cubic centimeters per square meter body surface per minute Decimal fractions 
used in the calculation of renal plasma flow are not included in the table 


a 


EXPERI- 
MENT ANGIO- 
NUM- TONIN 
BER 


per 100 ce. 


and have attributed this effect to a relative delay of the blood 
stream in the peritubular capillaries. 


The inereased renal extraction of 
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phenol red observed during the renal ischemia produced by angiotonin 
has probably a similar mechanism. 

As with renin (Landis, Montgomery and Sparkman, 1938), infusion of 
angiotonin causes no consistent change in skin temperature, which was 
measured in a few experiments. Large doses caused salivation, and oc- 
casionally retching, which were also observed with large doses of renin. 

Discussion. Infusion of angiotonin causes renal ischemia which, at 
least at the start of the infusion, may be profound, although it tends to 
lessen as the infusion is continued. The degree of ischemia is relatively 
greater than that observed during infusion of renin in doses which produced 
the same percentile increase of arterial pressure. The action of angiotonin 
seems also more fleeting than that of renin, since both renal blood flow and 
arterial pressure tend promptly to return towards normal after interruption 
of the infusion, although, as with renin (Merrill, Williams and Harrison, 
1938), the return of renal blood flow lags behind the return of arterial 
pressure. ‘These observations are consistent with the action of a substance 
which, when presented during renin infusion, is slowly liberated within the 
body, and, when presented as such, acts more intensely and ceases acting 
as soon as it is withdrawn because there is no circulating source of the 
material as there is when renin has been given. 

The increased renal extraction of inulin observed during angiotonin in- 
fusion is similar to that observed during infusion of renin. Removal of 
inulin from blood in the kidney occurs by glomerular filtration from the 
plasma water, and variations in its removal must result from variations 
of intraglomerular pressure. Since arterial hypertension, presumably due 
to increased cardiac output, has relatively little effect on intraglomerular 
pressure as measured by inulin extraction (Corcoran and Page, 1939a), 
the changes observed during angiotonin infusion occurred as the result 
of circulatory adjustments within the kidney, either by dilatation of the 
afferent or constriction of the efferent arterioles. The co-existence of renal 
ischemia with increased intraglomerular pressure strongly suggests that 
the increased filtration pressure, and, in some measure at least, the restric- 
tion of renal blood flow occurred as the result of constriction of glomerular 
efferent arterioles. Since in some experiments as much as 45 per cent of 
the arterial plasma inulin (and water) was removed in the kidney by filtra- 
tion, the increase in intraglomerular pressure must have been very great. 

The renal action of angiotonin is, then, similar to that of renin and 
differs only in those characteristics by which one would expect an effeetor 
substance to differ from a material from which it is slowly liberated. The 
renal effects of angiotonin and renin are similar to the mechanisms which 


obtain in arterial hypertension in human beings (Smith, Goldring, Chasis 
and Ranges, 1938; Goldring, Chasis, Ranges and Smith, 1938), namely, 
decreased renal blood flow and increased filtration fraction (renal extrac- 
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tion of inulin), both, apparently, due to efferent arteriolar constriction 
It is of interest to note from the observations of Smith and colleagues and 
from our own unpublished data that renal extraction of phenol red is 
also increased in these cases, probably by a mechanism similar to that 


operating during the infusion of angiotonin and renin. 


SUMMARY 


Infusion of angiotonin into conscious, trained dogs with explanted 
kidneys, results in increased arterial pressure, decreased renal blood flow, 
and increased extraction of inulin from blood by the kidney. ‘These effects 
are similar to those observed during infusion of renin, although with angio 


tonin the effects were initially more profound, and, after interruption of 


the infusion, more fleeting. The increased extraction of inulin and restric 
tion of renal blood flow which occur during angiotonin infusion are, in 
great part, the result of efferent glomerular vasoconstriction. The effects 
of angiotonin on the kidney support the view that it is the effector sub- 
stance of renin action. 
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Gilman and Yudkin (1933), using the Hill (1930) method of measuring 
vapor pressure, found the aqueous humor of dogs to be isosmotic to the 
blood. Benham, Davson, and Duke-Elder (1937), using Baldes’ (1934) 
modification of the thermoelectric method, found the aqueous humor of 
cats under ether anesthesia to be hyposmotic to the blood serum. How- 
ever, in a more recent study, Benham, Duke-Elder and Hodgson (1938) 
found that under local anesthesia the aqueous humor was hyperosmotic 
to blood serum and concluded that aqueous humor was formed by secre- 
tion rather than by filtration. ‘They explained their earlier results as 
being due to the fact that ether anesthesia results in an increase in the 
osmotic activity of the blood. 

Investigators who have studied the distribution of ions between blood 
and aqueous humor also disagree as to the mechanism of aqueous humor 
formation. Hodgson (1938) finds the ratio of chloride in the aqueous 
humor to that in the blood serum to be greater than that expected on the 
basis of ultrafiltration. Davson (1939) believes that the distribution of 
sodium and chloride between serum and aqueous humor does not justify 
the assumption of a secretory mechanism for the formation of aqueous 
humor. Walker (1933) found the concentration of urea in the aqueous 
humor of rabbits, dogs and man to be on the average 30 per cent less than 
in the plasma. Similar differences were observed in the concentration of 
uric acid in the aqueous humor and plasma of fowls and man and in the 
concentrations of inorganic phosphates and reducing substances in the 
aqueous humor and plasma of frogs. From these results Walker concluded 
that aqueous humor is not formed by simple filtration or dialysis. 

In attempting to throw further light on the mode of formation of aqueous 
humor, we have repeated some of the work of Benham et al. (1938) and, 
in addition, we have studied the osmotic relationship between aqueous 


humor and blood plasma following the injection of a poison, HgCle, into 


the anterior chamber of the eye. 


1 This work has been aided by grants from the Rockefeller Foundation and the 
Medical Research Fund of the University of Minnesota to Prof. M. B. Visscher. 
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I;XPERIMENTAL PROCEDURE. Determinations of osmotic activity wer: 
made by the thermoelectric method as modified by Baldes (1934) and 
Baldes and Johuson (1939). All determinations were made in the presence 
of 5 per cent CO, in oxygen and the results are expressed in terms of the 
concentration of an isosmotic solution of NaCl. Blood samples were 


drawn in an oiled syringe from the femoral artery. The blood was trans- 


TABLE 1 
Comparison of osmotic acti fy of aqueous humor and blood pl wma 


Nembutal anesthesia 


OSMOTIC ACTIVITY IN mM NaC] PER H:O 
ANIMAL 


Plasma Aqueous humor 


minutes 
Rabbit 1 
Rabbit 2 


Rabbit 3 


Rabbit 4 


Average, 4 rabbits 


Dog 1 


Dog 11 


Average, 4 dogs 


ferred to a cooled test tube containing oil and a small amount of dried 
heparin (Connaught), the tube was stoppered and the plasma separated 
immediately by centrifugation. Samples of aqueous humor were removed 
with a tuberculin syringe by lateral insertion into the anterior chamber. 

In adding HgCl, to the aqueous humor in the anterior chamber, a 
measured volume (0.01—0.05 cc. as indicated in the table of results) of a 
0.1 M, solution of HgCl, was placed on the end of the plunger of a 2 cc. 


animals unde 

Difference 
164.7 165.9 +1.2 
0) 147.2 148.6 +1.4 
32 147.6 150.0 194 
0 164.0 165.8 +1 8 
32 163.7 165.3 $1.6 
$1.9 
1) 160.6 R 164.0 4 
| 27 160.9 L 164.9 +4.0 
72 161.0 R 165.3 +4.3 
Dog 2 1) 160.6 R 163.3 +2.7 
54 159.8 163.7 +3.9 
0 160.0 R 164.0 +4.0 
Dog 3 ‘ 37 159.3 R 160.9 +1.6 
79 159.0 R 162.3 
0 161.3 lL, 164.7 +3.4 
29 163.2 166.1 +2.9 
93 164.4 L 166.7 +2.3 
3.3 
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syringe and evaporated to dryness. <A portion of the aqueous humo 
(0.3-0.8 cc.) was then drawn into the syringe, the HgCl, dissolved by ro- 
tating the syringe and the solution reinjected into the anterior chamber. 
Nembutal was used as the general anesthetic and procain (3 per cent solu- 
tion) as the local anesthetic. 

RESULTS AND COMMENT. The results obtained by comparing the osmotic 
activity of aqueous humor and blood plasma of rabbits and dogs unde 
Nembutal are given in table 1. In every instance the osmotic activity of 
the aqueous humor was greater than that of the blood plasma. Since 
changes in the osmotie activity of aqueous humor would necessarily lag 


behind any changes occurring in the blood plasma, several series of sam- 


a 
4 } 
— 
+ 4 
| 
| 
| 
T 
| 
Fig. 1 Fig. 2 


Fig. 1. Changes in osmotic activity of aqueous humor and blood plasma of dog 
following intravenous injection of 5.0 ec. of 10 per cent NaCl per kilo of body weight 
(Kidneys ligated.) 

Fig. 2. Osmotic relation between aqueous humor and blood plasma of dog. Seven- 
tenths cubic centimeter of aqueous humor removed from left eye and reinjected with 
0.003 milli-mol HgCl, posterior to iris. 


ples were collected over a period of time in order to be sure that the osmotic 
activity of the plasma was relatively constant. Since only 0.05-0.10 ec. 
of aqueous humor was removed for each determination, several samples 
could be taken from the same eye. 

Changes in the osmotic activity of aqueous humor and blood plasma 
following the intravenous injection of hypertonic NaCl are shown in 
figure 1. In this experiment the kidneys were ligated in order that the 
osmotic activity of the plasma would remain constant at the elevated level. 
It should be noted that if the volume of aqueous humor in the eye is not 
reduced by the removal of samples, more than 80 minutes is required for 
the aqueous humor to become again hyperosmotic to the blood plasma. 

It seemed possible that excitement of the animal accompanying the 
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withdrawal of aqueous humor from untrained dogs under local anesthesia 


might result in an increase in the osmotic activity of the plasma above that 


of the aqueous humor. With this in mind an attempt was made to 
duplicate the results of Gilman and Yudkin (1933) who obtained their 
samples under local anesthesia. The results of these experiments are 
given in table 2. It was found that under local anesthesia the difference 
in Osmotie activity between aqueous humor and plasma is even greate! 
than under Nembutal anesthesia. With dogs 7 and & two samples of 
blood were taken, one before and the other immediately after the removal 
of the aqueous humor. With dogs 9 and 10, the blood samples were taken 
immediately following the removal of the aqueous humor and in these 
experiments the dogs became excited and struggled appreciably while the 


TABLE 2 
Comparison of osmotic activity of aqueous humor and blood plasma of dogs under local 


anesthesia (Procaine 
OSMOTIC ACTIVITY INmM NaCl PER 
Blood plasma Aqueous humor Difference 


158. 162.8 


157.< 


10 


Average 


samples were being taken. Dog 10 was recovering from distemper at 
the time of the experiment. 

Although the osmotic¢ activity of the aqueous humor is found to be con- 
sistently higher than that of the blood plasma, the question arises as to 
whether this difference, as measured, actually exists in vivo. One may 
not be justified in assuming that the blood removed from the femoral artery 
has thesame osmotic activity as the blood flowing through the optic artery. 
In order to show more conclusively that the difference in osmotic activity 
between aqueous humor and blood plasma is real and is indicative of an 
active secretory process, we studied the effect of injecting HgCle into the 
anterior chamber upon this difference in osmotic activity. As shown by 
the data given in table 3 and the graph in figure 2, the effect of HgCl, 
is to reduce or abolish the difference in osmotic activity between the plasma 
and aqueous humor. In most of the experiments the aqueous humor and 


7 +5] 
Ss 153.3 7 
152.9 
9 154.7 161.0 +6.3 
152.8 156.3 +35 
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HgCl, were injected into the anterior chamber posterior to the iris since the 
injection of HgCle anterior to the iris does not appear to be as effective in 
reducing the difference in osmotic activity. This is shown by the results 
obtained with dogs 3 and 6, and is probably due to the circulation of aque- 
ous humor from the ciliary bodies posterior to the iris into the chamber 
anterior to the iris (Best and Taylor, 1939). 

The concentration of HgCl, in the aqueous humor necessary to abolish 
the difference in osmotic activity is of the same order of magnitude al- 
though slightly higher than that found by Ingraham and Visscher (1936) 
to poison the absorption of chloride from the ileum of dogs. 


TABLE 3 
The effect of injection of HgCl, into the anterior chamber of the eye on the diffe rence in 


osmotic activity between aqueous humor and blood plasma 
OSMOTIC ACTIVITY IN mM NaCl PER KGM. WATER 


Aqueous humor Difference 
Left eye Right eye Left eye Right eye 


minutes® 
35 ) 161.‘ 164. 
73 160.6 160.¢ 
114 5s 160. 162. 
135 158. 163 
90 5 160 163 .§ 
160 160.! 161] 
100 é 160 
142 ‘ 156.6 160 


* Time following injection of HgCl, into anterior chamber of left eye. 
+ 0.8 ec. of aqueous humor removed and reinjected with 0.0025 milli-mols HgCl, 
anterior to iris. 
t 0.7 ec. of ditto with 0.003 milli-mol HgCl, posterior to iris. 
$0.5 ce. of ditto with 0.001 milli-mol HgCl, posterior to iris. 
© 0.3 ce. of ditto with 0.001 milli-mol HgCl, posterior to iris. 
0.5 ec. of ditto with 0.005 milli-mol HgCl,. anterior to iris. 
** 0.5 ce. of ditto with 0.002 milli-mol HgCl. posterior to iris. 


These results indicate that aqueous humor is not an ultrafiltrate of blood 
plasma. In the formation and circulation of aqueous humor there appears 
to be a net transport of a hyperosmotic solution from the blood plasma 


into the anterior chamber of the eye. This mechanism may be similar 
to that involved in the absorption of chloride from the intestine where 
differences in total osmotic activity also occur. It has been shown that 


during the absorption of chloride from the ileum against a concentration 
gradient, the osmotic activity of the intestinal fluid decreases below that 
of the blood plasma (Roepke and Visscher, 1939). In that case there is a 
net movement of hyperosmotic solution into the blood. 


DOG TIME 

5 ) +-1.9 +4.0 

) +1.3 +1.6 

+1.9 +-3.3 

0.0 +4 8 

) +1.4 +4.8 

+-().4 +1 0 

12 ) +().1 

—1.5 +2.7 
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The authors are indebted to Prof. M. B. Visscher for his helpful sug- 


gestions and criticisms. 
SUMMARY 


The osmotic activity of aqueous humor was found normally to be higher 
than that of the blood plasma. The re-injection of aqueous humor con- 
taining HgCle into the anterior chamber posterior to the iris was found to 
abolish the difference in osmotic activity between aqueous humor and blood 
plasma. 


The results support the view that active secretory processes are involved 


in the formation of aqueous humor. 
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Hunt (1) observed that large doses of acetylcholine caused a rise rather 
than a fall in blood pressure in animals in which the vasodilator action of 
this drug was opposed by atropine. Numerous other early authors (2, 
3, 4, 5, 6 and 7) described the vasopressor effect of choline and some of 
its derivatives in atropinized animals. Dale (7) distinguished between the 
“muscarine-like”’ (vasodilator and other parasympathomimetic actions) 
and the “nicotine-like” effects of acetylcholine. He assumed that the 
latter effects were due to a ganglionic stimulant action of acetylcholine 
and showed that doses of nicotine sufficient to paralyze autonomic ganglia 
abolished the Vasopressor effects of acetylcholine. 

More recently, Simonart (8), and Feldberg and Minz (9) confirmed the 
observations of Dale and others, but believed that at least part of the 
acetylcholine rise was due to mobilization of epinephrine from the supra- 
renal glands. 

The assumption of Hunt and Dale that the vasopressor action of acetyl- 
choline is due to ganglionic stimulation received confirmation by the work 
of Feldberg and Gaddum (10), and by Koppanyi, Dille and Linegar (11). 
The latter have shown that the depression or paralysis of the superior 


cervical ganglion by nicotine may be overcome by large doses of acetyl- 


choline or physostigmine. The present work was undertaken to extend 
these observations to the vasomotor sympathetic ganglia and to analyze 
the vasopressor and other “nicotine-like” actions of acetylcholine. 
EXPERIMENTAL. Dogs and cats were used throughout the experiments. 
In most cases sodium pentobarbital (30-85 mgm.') administered intra- 
venously was used as an anesthetic; in others sodium amytal (50 mgm. 
by vein) or urethane (from 0.75-1.00 gram intraperitoneally) was used. 
The drugs used were administered intravenously in all cases with the ex- 
ception of cocaine hydrochloride, which was also given intramuscularly. 


All doses are expressed in terms of milligrams per kilogram of body weight, unless 
otherwise stated. To avoid repetition the words ‘‘per kilogram of body weight’’ 
are omitted. 
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ne used in all experiments varied from 0.5 to 60 


doses Ol atropine did hot appear to mterbere either 


Vasopressor aetion of acetvicholine or the action of physostigmine 
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ind the rise in blood pressure was more gradual though of the same height. 
At the end acet vicholine produced a small rise, 
norise, oreven a fallin blood pressure. Additional physostigmine restored 
the pressor effects without the necessitv of another atropine myeetion, 

the VasOpressol effect of acetvleholine was preserved afte! 
Clamping the abdominal aorta at the level of the diaphragm In one cat 
and two dogs and remained undiminished for two hours or more until the 
animals began to fail. 

1). The action of cocaine on the asopressor response to acetylcholine 
C‘ocame hydrochloride, if administered to animals in doses of 3.0 mgm. 
intravenously or 5 to 1O mgm. intramuscularly, produced a gradual rise 
blood pressure with occasional cardiae irregularities. Tf the above doses 
of cocaine were administered to animals alreads under the full effects 
of atropine, subse quent myections of 0.025 to 0.15 mem. ot acetvicholine 
did not produce pressor effects. In several cases, it was observed that 
doses of acetylcholine producing no hemodyvnamie effects before cocaine 
produced depression blood pressure following eocamme This latter 
effect mav be attributed to thr cardine and probably vascular toxie effects 


of cocaine 


In all experiments when vasopressor effects from 0.025 to 0.15 mgm. of 


wetVicholine were established by previous administration of atropine 


nd physostigmine on prostigmin, cocame enhanced and prolonged these 


HSOpressor responses (see fig. 3 Ocensionally these potentiated pressol 
effects were preceded by falls of blood pressure. Cocaine ina few experi- 


nents potentiated the pressor effects of both muscarine and dorvl. 

| Lor is and mode of the ASO achion of acelyuleholine. Ler tvl- 
choline pressor effeets are similar in appearance and duration to those 
obtained with epinephrine or nicotine This epinephrine-like action may 
lue to central effects, carotid sinus reflexes, mobilization of epinephrine 


rom the suprafenal glands or of other pressor substances, e.g., from the 


ver, or to stimulation Of an part ol thie svmpathetic neurone by acetvl- 
holine directly, or to a combination of these factors To determine the 

these factors mav plav in thre eheitation of the nec tvicholine pPressol 
+t, +} 


he following group Ol experiments Wiis performed. 

Carotid sinus and central fleets, In seven cats and nine dogs both 
d sinuses were removed, both superior cervical ganglia reseeted and 
ig) cut above thr eanglia nodosa these animals with blood 


esstures of about 150° mm Ol mereury and treated pore viously with 5 mgm 


opine and | mgm. of physostigmine, 0.1 mgm. of acetvlcholine pro- 
luced blood pressure elevations of 60 mm. of mercury or more. 

n two eats the entire cerebrum, cerebellum, medulla and spinal cord 

destroved in an acute experiment, the animals being kept alive hy 


espliration al d continuous intravenous infusion of 7 per cent gum 


— 
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hb. In three dogs the entire liver was removed in acute experiments and 
the abdominal aorta clamped at the level of the diaphragm. In these 
animals 0.05 to 0.2 mgm. of acetvicholine produced blood pressure rises 
from 10 to 60 mm. of mereury. 

ce. In three cats and two dogs the skin of the anterior part of the animal 
was removed, Acetylcholine (0.05 mgm.) was then injected into the ani- 
mals previously treated 1 atropine and physostigmine and the usual 
pressor effects obtained. Following clamping of the abdominal sorta, 
the same dose of acetvilcholine usually produced a steep fall in blood 
pressure, Whereas O.1 ec. (total dose) of a 1: 10,000 solution of epinephrine 
or 0.2 mgm. of nicotine produced rises of blood pressure. In one dog 
immediately after Clamping the aorta acetvicholine produced pressot 
effects twice and further injections produced falls. 

d. In fifteen animals both adrenals were removed and the blood pres- 
sure Was kept above the shock level either by continuous intravenous 
infusion of 7 per cent acacia solution in saline or by clamping the abdom- 
inal aorta just below the diaphragm. In all these animals 0.05 to 0.1 
mgm. of acetvicholine produced blood pressure elevations from 10 to 60 
mm. of mercury In other animals in which the adrenals were removed 
or the adrenal veins clamped and the resulting blood pressure fall was not 
compensated bv « ither of the two above Measures, acetvicholine produced 
a small or no rise in blood pressure In one animal both adrenals were 
removed and the blood pressure rose to 90 mm. of mercury 13 hours after 
the operation In this animal mgm. of produced 
rise In blood pressure of 102 mim. 

3. The actions of certain autonomic drugs on the LASOPLessor LESPOnst lo 


acetylcholine. Whereas physostigmine (section A) renders non-effective 


oses Ol acet vicholine effective and COCAING section enhances the 
pressor effect of acetvicholine, meotine (12) and ergotamine (13) reverse 
thre ¢ ffects of acetvicholine in atropinized animals. 

1. The effect of acetylcholine in the absence of sympathetic ganglia. In 
each of two dogs under nembutal anesthesia and artificial respiration 
both superior cervieal and stellate ganglia and both thoracic svmpathetic 
chains were removed. Following this operation the chest was closed and 
the animals allowed to breathe again. In these animals the injection of 
0.05 mgm. of acetvicholine produced marked rises in blood pressure pre- 
ceeded by a small fall. Following this intravenous injection of acetyl- 
line the abdominal aorta was clamped at the level of the diaphragm 
nd the experiments were continued using only the anterior portion of the 
nimal which was completely deprived of its svmpathetie ganglia. In- 

tions of 0.05 mgm. of acetvicholine into the external jugular vein now 
roduced without exception marked falls in blood pressure, In no in- 


<tance was there the st e\ ile nee of a nicotinic action in the absence 
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falls in blood) pressure. Occasionally a rise blood) pressure 
followed by a secondary fall the reciprent occurred when transtier ol 
blood Was mice following acetvicholine to the donor, particularly when 
the blood was taken too soon after acetvicholine injection or after a larger 
dose of acetylcholine If the recipient received phy sostigmine in addition 
to cocaine, the transfer of blood following acetylcholine injection to the 
donor resulted in blood pressure falls in the recipient. 

In seven dogs receiving amyvtal or nembutal anesthesia, it was found 
that thre “apparent” blood epinephrine content ranged from 0.038 to 0.06] 
pel cubie centimeter as determined by Shaw's method (14) for 
the estimation of epinephrine In these animals the “apparent”? blood 
epinephrine concentration Was not changed by the injection of 5 mgm. of 
atropine and | mgm. of physostigmine, the bloods being tested one-halt 
to one hour after injection of these drugs. Blood taken at the beginning 

the marked pressor responses to 0.05 to O.L mgm. of acetvicholine in 
these animals showed no alteration im the “apparent” blood epinephrine 
content. This indicates either that epinephrine is not) liberated by 
acetvicholine injections or that the test is not sensitive enough to detect 
the inerease On the other hand, the “apparent”’ blood epinephrine con- 

increased 30 per cent in one dog (weight 6.8 kem.) by the in- 
nous myection Of a total dose of 0.25 ce. of 1: 10,000 epinephrine solu- 


and in another dog welght 7.3 k@m.) 334 per cent bv a total dose ot 


of 1: 1000 « pinephrine The blood samples were taken from. the 


tery during an interval of 2 to 11 seconds after Injection Into the 
OPPOsrle leg, 
[DISCUSSION The ablation of the carotid SINUSES and the destruetion 
the entire central nervous svstem does not interfere with the acetvl 
choline pressor effect in atropine-physostigminized animals. [Tt was fun 
ther demonstrated that mobilization. of epinephrine from the SUP Pare nal 
glands and adrenergic substances from the liver on splanchnic viscera by 
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re sponsible for the elicitation of the acetv- 
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ransferred from one animal to another. This substance 
produced through ganglonic stimulation by acetvleholin 

like aetions Chemical tests indicate that this 
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anterior part of the animal, these effectors were excluded \ecording to 
expectations In these animals, though atropinized, acetylcholine produced 
only its inherent vasodilator effect. 

The data reported in this paper establish the fact that the ‘‘nieotin 
like” action of acetylcholine is due to stimulation of vasomotor sympa- 
thetic ganglionic cells. It was shown that nicotine abolishes and reverses 
the pressor effect of acetylcholine in intact atropinized or atropine-physos- 
tigminized animals, both before and after the clamping of the abdominal 
aorta. Similar reversals of the acetylcholine pressor effects were obtained 
upon clamping the abdominal aorta in animals in which the cervical and 
thoracic sympathetic ganglia were removed. This method of complete 
sympathetic gangliectomy is of interest because it ¢: ‘ carried out 
fairly rapidly in acute experiments and because it is a feasible method ot 
removing or excluding all sympathetic ganglia with abolition of all ‘nico 
tine-like”’ actions of acetylcholine. Baeq (15) reported that he removed 
all sympathetic ganglia or sectioned all sympathetic postganglionic fibers 


and claimed that in atropinized animals following sympathectomy the 


intravenous injection of 5 mgm. of acetylcholine did not produce a con- 
traction of the muscle of the nictitating membrane. Feldberg and Minz 
9) attempted partial sympathetic ganghectomies in cats and found that 
removal of the stellate ganglia diminished the cardio-accelerator action 
of acetylcholine and that the removal of the solar plexus and of the in- 
ferior mesenteric ganglia diminished the splanchnic vasoconstriction 
produced by acetylcholine. These authors, however, admitted that they 
were unable to perform complete sympathetic gangliectomies and to abol- 
ish or reverse the pressor action of acetylcholine. 

The threshold of the sympathetic ganglia to acetylcholine is much highe1 
than that of the vasodilator receptors and in most animals at least 0.5 
mgm. of acetylcholine is necessary to elicit the ‘nicotine-like” effects. It 
was found that the amount of the acetylcholine sufficient to stimulate the 
ganglia was considerably lowered by the administration of physostigmine 
or prostigmin. The fact that physostigmine potentiates markedly the 
pressor effects of acetylcholine, but not those of muscarine and dorvl, 
indicates that at least in part the physostigmine potentiation of the 
acetylcholine pressor effect is probably due to its anti-cholinesterase 
activity. 

Atropine interferes only with the “‘muscarine-like” actions of acetyl- 
choline but its opposition to these latter effects is a relative and variable 
one. For example, large doses of acetylcholine may produce in the pres- 
ence of small or moderate amounts of atropine a rise in blood pressure, 
whereas a smaller dose of acetylcholine may produce a fall. The small 


of acetylcholine does not reach the threshold of the vasomotor 
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sympathetic ganglia, while with the large doses the resultant pressor 
response is a mere algebraic addition of the nicotinic and muscarinic 
actions of acetylcholine. 

Cocaine alone does not initiate vasopressor responses to small ineffective 
amounts of acetylcholine in the presence of atropine, but potentiates such 
responses only if acetylcholine is given in doses sufficient to produce 


small pressor effects. These experiments show that cocaine potentiates 


the pressor effect of substances liberated by acetylcholine stimulation of 
the sympathetic ganglia. 


SUMMARY 


1. The anti-cholinesterases, physostigmine and prostigmin, potentiate 
the pressor effect of acetylcholine but not that of muscarine and doryl. 

2. Small doses of acetylcholine in the presence of physostigmine or 
prostigmin also produce acceleration of the heart, relaxation of the gut, 
stimulation of the ocular sympatheties, incodrdinated somatic motor 
efforts and stimulation of respiration in atropinized animals, 

3. The pressor effects produced by acetylcholine are preserved fol- 
lowing removal of the carotid sinuses, the central nervous system, the 
adrenal glands, the liver, and/or clamping of the abdominal aorta at the 
level of the diaphragm. Upon the removal of the thoracic sympathetic 
chain and the superior cervical ganglia, acetylcholine does not produce 
pressor effects or other nicotinic actions following clamping of the ab- 
dominal aorta. Thus the site of the pressor effect of acetylcholine 
has been definitely localized in the sympathetic ganglia. Purely pharma- 
cological evidence supports this conclusion (nicotine, a ganglionic paral- 
ysant, abolishes and often reverses the pressor effect of acetylcholine). 

4. The substance or substances liberated by acetylcholine stimulation 
of the sympathetic ganglia may be transferred from one animal to another 
producing pressor effects in the recipient. 

5. Cocaine does not initiate pressor responses from small ineffective 
doses of acetylcholine in atropinized animals, but it enhances these effects 
from effective doses of acetylcholine. 
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The fact that an animal may become resistant to the action of a hormone 
after a period of pretreatment has first clearly been shown for the para- 
thyroid hormone (1). Later we made similar observations concerning thi 
gonadotropic principles and concluded that in the latter case the resistance 
is due to the formation of hormone antagonistic substances since we 
found that “the blood of animals which have become insensitive to the 
anterior pituitary-like hormone of pregnancy urine is able to inactivate 
this hormone” (2, 3). On the basis of these experiments, Collip (4) 
formulated the theory that resistance to gonadotropic hormone develops 


because the organism produces a specific “antihormone’’ against this 
principle. Numerous other instances in which the antihormone theory ot 
hormone resistance proved applicable have recently been considered in 
our detailed review of this subject (5). It was observed, however, that 
in many cases, hormone resistance may develop without the formation of 
demonstrable antihormones. Thus we consistently failed to reveal any 
parathyroid hormone neutralizing effect in the blood of animals pretreated 
with this principle (6). Similarly we showed that although chronic 
treatment with adrenalin fails to elicit the formation of a specific adrenalin 
antagonizing principle, it gives the organism a very marked resistance 
against this hormone (7,8). We noted, furthermore that the enlargement 
of the pituitary, the adrenal cortex and the corpora lutea elicited in the 
rat by estrogen overdosage regresses after several weeks of treatment in 
spite of daily estrogen administration. We had to conclude therefore, 
that the organism may acquire estrogen resistance (9) although others 
have shown (10-12) and we may confirm (6) that estrin does not lead 
to antihormone formation. More recently we noted that young rats 
chronically treated with large doses of estrogens show a marked decrease 
in body weight during the first week but then reveal the development ol 
resistance by the resumption of normal growth and weight increase 


readily distinguishable external sign of adaptation to the systemic 


‘his 
ffects of estrogen overdosage proved to be a useful indicator which served 
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as a basis for the experiments to be reported in this communication. Th 
main purpose of these experiments was to analyze further the phenomenon 
of hormone resistance without antihormone formation and to establish 
the degree of specificity of such a resistance. As will be seen from the 
experiments reported in the experimental part of this paper, this resistance 
is not very specific inasmuch as pretreatment with estradiol renders animals 
resistant to the artificial synthetic estrogen diethylstilbestrol and vice versa 

IXPERIMENTAL PART. In our first experiment, we used 32 male and 32 
female growing albino rats. At the beginning of the experiment the body 
weight of the males varied between 110 and 143 grams and that of the 
females between 107 and 145 grams. Eight males and 8 females received 
daily doses of 2 mgm. of estradiol subcutaneously in 0.1 ce. of peanut oil 
while 8 males and 8 females were given subcutaneous injections of the sam« 


Fig. 1. Weight curves of rats adapted to a large dose of stilbestrol, then treated 
with estradiol and of controls not adapted receiving estradiol during the last week of 
the experiment. 

Fig. 2. Weight curves of rats adapted to a large dose of estradiol, then treated 
with stilbestrol and of controls not adapted receiving stilbestrol during the last week 
of the experiment. 


daily dose of (diethylstilbestrol 


stilbestrol) dissolved in the same amount of peanut oil. The animals were 
weighed at the onset of the experiment and then once a week throughout 
the treatment period. From their average weight, we constructed thi 
growth curves shown in figures 1 and 2. These graphs indicate that 
during the first week, the rats of both sexes lost a great deal of weight as 
a result of the estrin treatment. By the end of the second week their 
weight had begun to increase, however, and in spite of continued daily 
treatment with the estrogens, the animals in all groups except in that of 
the diethylstilbestrol treated females continued to gain until the fifth week. 
In the latter group, after the recovery from the initial weight loss, the 
body weight remained fairly constant. It is noteworthy that although 
before treatment, the males of both experimental series were larger than 
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the females, the former lost so much more weight during the initial phase 
of estrogen administration that by the end of the first week, their average 
weight was below that of the females. At the end of the fifth week, the 
treatment of the animals adapted to estradiol was changed to diethyl- 
stilbestrol, while the animals which had so far been treated with the latter 
compound were given the same amount of estradiol for one week. As 
the graph indicates, this change in the type of the estrogen administered 
did not lead to any significant difference in the growth rate. At the same 
time, that is to say, during the fifth week of the experiment two other 
groups each consisting of 8 male and 8 female rats—-which had not. been 
pretreated but were approximately comparable in size to the estrogen 
pretreated animals--were given similar daily injections of estradiol and 
diethylstilbestrol respectively. The graph shows the considerable loss 
of weight which resulted from this treatment, a loss of weight which is 
approximately similar to that occasioned by the estrogens in the pre- 
treated group during the first week of treatment. This experiment indi- 
cates quite clearly that resistance may be acquired to the toxie actions 
of both estradiol and diethylstilbestrol and that pretreatment with one 
of these estrogens renders the animals resistant to both estrogenic com- 
pounds. 

It appeared of interest to establish whether a similar resistance to the 
toxie effect of large doses of estrogen may also be obtained by pretreat- 
ment with smaller doses. In order to determine this and to obtain further 
evidence supporting the conception of “crossed resistance” between the 
naturally occurring and artificial estrogens, we performed the following 
experiments. 

Sixteen male (body weight 100-129 grams) and 16 female rats (body 
weight 96-120 grams) were divided into two groups, each of which con- 
tained 8 males and 8 females. One group received daily injections of 
300 gamma of ‘diethylstilbestrol and the other 300 gamma of estradiol 
subcutaneously in 0.1 ce. of peanut oil daily. Figures 3 and 4 show that 
this dose was tolerated without any loss of weight by the diethylstilbestrol 
treated males and the estradiol treated females while the remaining two 
groups showed a slight initial decrease in the average body weight. How- 
ever growth was soon resumed by all groups and at the end of the fourth 
week, the body weight was far above the initial value in all animals. At 
this time, the estradiol pretreated rats were changed to daily injections of 
| mgm. of diethylstilbestrol while the animals pretreated with the latter 
substance received 1 mgm. of estradiol. Both substances were ad- 
ministered subcutaneously in 0.1 ce. of peanut oil. As indicated by our 
graphs, the trend of the growth curves was not significantly altered by this 
change to a large dose of a different estrogen. At the end of the fourth 
week, that is to say, at the time when the change in treatment occurred, we 
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began injecting a group of 8 males and 8 females with similar | mgm. daily 
doses of diethylstilbestrol and another group of & males and & females 
with the same amount of estradiol. These animals which had not been 
pretreated with estrogens showed a considerable decrease in body weight 
as indicated in figures 3 and 4, thus demonstrating that the pretreated 
group has really acquired a definite estrogen insensitivity 

Discussion. Our experiments indicate that the organism may adapt 
itself at least to the toxic effects of both estradiol and stilbestrol. While 


this is merely a confirmation and extension of previous observations 


(9, 13-15), it is of particular interest that adaptation to the naturally 
occurring steroid hormone, estradiol, induces resistance to a stilbene 
derivative which has a different chemical structure. At least in this 
instance, it appears that acquired hormone resistance without antihormone 


Fig. 3 Fig. 4 
Fig. 3. Weight curves of rats adapted to a relatively small dose of stilbestrol 
then treated with a large dose of estradiol and of controls not adapted ree ig 
estradiol during the last week of the experiment 
Fig. 4. Weight curves of rats adapted to a relatively small dose of estradiol, then 
treated with a large dose of stilbestrol and of controls not adapted receiving stil- 


bestrol during the last week of the experiment 


formation is less specific than it usually is in cases of antihormone produc- 
tion. It will be reealled that resistance to gonadotropic preparations 
from the pituitary which is due to antihormone formation does not render 
animals insensitive to gonadotropic pregnancy urine extracts or vice versa 
(2, 3). Furthermore, antihormones elicited by treatment with a certain 
thyrotropic preparation have little or no effect on thyrotropic extracts 
prepared by a different method (16, 17). 

With regard to the theoretical interpretation of the mechanism. re- 
sponsible for the crossed resistance between the two estrogens which we 
used, the following two possibilities present themselves. First it is con- 
ceivable that diethylstilbestrol is transformed in the organism to a sub- 
stance similar to or identical in structure with estradiol and that it acts 
only after transformation into a compound of the steroid type. If this were 
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true, we would not be dealing with a real example of crossed resistance, 
since at the time when the estrogens which we employed exerted their 
pharmacological action, they would have become chemically identical or 
at least extremely similar. However, this interpretation receives no 
support from the bioassays which demonstrate that weight for weight, 
diethylstilbestrol is more active than most of the natural estrogens. The 
findings of Stroud (18) likewise indicate that the assumption of such a 
transformation is unfounded since he showed that diethylstilbestrol may 
be recovered as such from the urine of rabbits treated with this com- 
pound. It is true that the recovery is not quantitative but the author 
states that ‘... 4:4’-dihydroxy-a: 8-diethylstilbene give recoveries of the 
order of 20 per cent compared with 1.5 per cent found for oestrone. This 
indicates a metabolic process for the synthetic oestrogens different from 
that of oestrone.”’ These observations are not readily compatible with the 
view that diethylstilbestrol acts only after conversion into a steroid estro- 
gen similar to the naturally occurring compounds. 

A second and more likely explanation of our findings is that the organism 
does not become resistant to a certain chemical substance with estrogenic 
actions (that is to say, in our case to estradiol or diethylstilbestrol) as such, 
but to the estrogenic effect itself. If such an interpretation should prove 
to be correct, this case of crossed resistance would deserve special interest 
inasmuch as it would be a case of adaptation to an action or effect rather 
than to a certain chemical substance or drug. 

Before closing this discussion, we should like to add that in numerous 
experimental series we noted that with very long continued estrone, estra- 
diol or diethylstilbestrol treatment in doses of 2 to 5 mgm. daily, rats 
weighing approximately 100-150 grams at the onset of the experiment show 
the usual loss of weight during the first week followed by adaptation and 
increase in weight during the subsequent 5 to 6 weeks which is in accord 
with what has been said above. In these very chronic experiments how- 
ever, where treatment was continued for 2 to 3 months, we invariably 
observed that after the period of adaptation, a third stage follows during 
which the acquired resistance appears to vanish so that the animals begin 
to lose weight again just as they did before adaptation occurred. We are 
not reporting these experiments in detail mainly because, unlike the 
initial period of weight loss and the period of adaptation, the final ex- 
haustion of the adaptive mechanism and loss of weight is subject to great 


individual variations, one animal of a group beginning to lose weight after 
5 or 6 weeks while another may go on for three months before its weight 
curve declines. Because of this great variability, each animal would have 
to be considered separately and since little would be gained from the study 
of such long individual weight curves or tables, we are omitting them here 
for the sake of brevity. Yet we want to mention these observations be- 
cause they confirm our contention that the syndrome of adaptation to 
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estrogens is similar to that which develops during adaptation to various 
other damaging agents. It has been shown that during adaptation to 
almost any change in the internal or external environment of the organism 
a so-called ‘‘general adaptation syndrome” is elicited which has thre 
distinct stages. These have been termed the “stage of the alarm reaction,’ 


the “stage of resistance’’ and the “stage of exhaustion’’ respectively 


During the first stage, among other symptoms and signs there is con- 
siderable loss of body weight, adrenal enlargement, involution of the 
lymphatic organs and water retention. During the second stage, most 
of these changes disappear and the animals become very resistant to the 
agent with which they are treated. Eventually however, during the third 
stage they again begin to lose weight and finally die with symptoms and 
signs similar to those seen during the initial stage. On the basis of thes« 
observations, we assumed that there is a general non-specific adaptation 
mechanism which facilitates the acquisition of resistance against a great 
many agents and that in case of prolonged exposure, this mechanism wears 
out and the adaptability or ‘adaptation energy”’ becomes exhausted (8). 
The literature on this adaptation syndrome has recently been reviewed by 
Leblond (18) and Varangot (19). Selye et al. (20) and Selye (21) showed 
that acute overdosage with estrogens may lead to a typical ‘alarm reac- 
tion’ and the present experiments indicate that under the influence of 
continued treatment with estrogenic substances a “stage of resistance’’ and 
finally a ‘‘stage of exhaustion’”’ develops. From this we may conclude that 
even adaptation to estrogens is not permanent but subject to the general 
law of the eventual exhaustion of adaptation energy as outlined in the 
above mentioned publications. 


SUMMARY 


K:xperiments indicate that the weight of growing rats chronically treated 
with estrogens first declines but growth is later resumed and the body 
weight may actually exceed the initial level in spite of continued ad- 
ministration of massive doses of estradiol or diethylstilbestrol. This is 
interpreted as additional evidence indicating that adaptation is possible 
at least to the toxie action of these estrogens although they do not elicit 
antihormone formation. 

Rats adapted to the natural estrogen, estradiol, prove to be equally 
resistant to the artificial estrogenic compound, diethylstilbestrol, although 
chemically the latter is quite different from the former. Conversely 
diethylstilbestrol pretreatment renders the rat resistant to the toxic actions 
of estradiol. A review of the literature gives no support to the assumption 
that this ‘‘crossed resistance” should be regarded as due to the transforma- 
tion of diethylstilbestrol into a naturally occurring estrogen similar to or 
identical with estradiol. It is concluded therefore, that the mest prob- 
able interpretation of these findings is that we are dealing with a case of 
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acquired resistance to a certain (estrogenic) pharmacological action rather 
than to a particular chemical substance. 

In case of very prolonged daily administration of relatively large 
doses of estrogens, the acquired adaptation is gradually lost. The animals, 
which following an initial stage of weight loss had adapted themselves to 
the treatment sufficiently to gain weight in spite of continued treatment, 
eventually lose weight again and finally die after two or three months of 
estrogen administration. It is concluded that adaptation to the toxic 


actions of estrogens takes place in the same manner as adaptation to most 


noxious agents, namely, by the development of the “general adaptation 
syndrome”’ with its characteristic three stages. The eventual loss of an 
already acquired adaptation to estrogens gives further support to the con- 
ception that the adaptability or “adaptation energy’ of the organism is a 
limited quantity and is gradually consumed while the organism puts up 
resistance against a stimulus to which it appears to be adapted. 
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In a previous publication (1) evidence was presented for the necessity 
of a factor separate from thiamin, riboflavin, nicotinic acid, and vitamin B, 
in the nutrition of the dog. This factor followed factor W in all fractiona- 
tion procedures and we suggested the identity of these two factors. Since 
pantothenic acid, the chick antidermatitis factor, has been shown in 
several laboratories (2, 3, 4) to be essential for the rat, it seemed advisable 
to investigate its importance for the dog. The results obtained with the 
liver extract fractions reported previously were not entirely suited to a 
study of pantothenic acid, and it was decided to make a more compre- 
hensive investigation of this problem. In this paper we wish to show that 
in addition to factor W, dogs require pantothenic acid and another alkali 
labile factor. 

EXPERIMENTAL. Newly weaned puppies and older growing dogs were 
used in all of the experiments and the general experimental procedure was 
very similar to that employed in our earlier studies. Thiamin, riboflavin 
and nicotinic acid were supplied as previously described. In addition 
pure vitamin Bg in aqueous-alcoholic solution was given orally twice weekly 
at a level of 60 micrograms per kilogram of body weight per day.® 

The known chemical properties of pantothenic acid suggested two 
methods of removing it from growth promoting fractions of liver extract: 
1, destruction with alkali, and 2, extraction with ether at acid pH. The 
assay method for pantothenic acid used in all of this work is that described 
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by Snell et al. (5,6). It has been the experience of this laboratory that 


this method of assay correlates very well with the method for the chick 
antidermatitis factor using chicks. 
Alkali inactivation. It was found 
extract (7) on the steam bath (87-93°C.) with KOH at a concentration of 
0.2 N for two hours completely destroyed the pantothenic acid present. 
Since the hexane-butanol extract allowed good growth when supplemented 
with vitamin Be, it was thought that the alkali inactivated extract might 
furnish a suitable vitamin B complex source free of pantothenic acid. 
For a source of pantothenic acid a concentrate prepared by Wilson Labora- 
the experiment. This concentrate was 


that heating the hexane-butanol 


tories was used throughout 
prepared from liver extract according to the method of Woolley et al. (8). 
and on the solid 


It contained 3.5 milligrams of pantothenic acid per ce. 
TABLE 1 
Growth response of young puppies on pantothenic acid and pantothenic acid-free 


concentrates 


TEST INITIAL TOTAL GROWTH 
NUM- LIVER FRACTION PERI- WEIGHT GROWTH PER DAY REMARKS 
BEF oD 
days kam. kam. kgm. 
1 3% hexane butanol extract 12 | 2.45 2.125 0.051 Excellent growth 
2 14.6 mgm. Wilson’s panto- IS 2.125 | 0.375 | 0.021 Poor growth 


thenic acid over assay 
period 

4 10 mgm. Wilson’s panto- 27 2.500 1.075 0.040 Good growth 
thenic acid + 3% alkali 
inact. hexane-butanol ext. 

5 1% alkali inact. hexane 16 


butanol ext. 


70 0.725 0.045 (Good growth but 


to 


dog died sud- 
denly 


basis contained 3.5 per cent pantothenic acid. An ether extract of this 


concentrate at acid pH was also found to be suitable as a source of panto- 
thenie acid, and this preparation was also used in some of the trials. 
A litter of three puppies was then placed on experiment for a study of 


the response to these fractions. One received in addition to the four 


crystalline vitamins the original hexane-butanol extract at a level of 3 
per cent; another received the alkali inactivated hexane-butanol extract 
at a level equivalent to 4 per cent; while the third received the Wilson 


Laboratories pantothenic acid concentrate at a level equivalent to about 
500 micrograms of pantothenic acid per day. The response of these 
dogs is given in table 1. The positive control showed an excellent rate of 


ver extracts used in this study were kindly furnished to us by Wilson Lab- 
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growth but the dog receiving only pantothenic acid grew very poorly 
When the pantothenic acid preparation was supplemented with the alkali 
inactivated hexane-butanol extract a marked increase in the rate of 
growth resulted. The dog receiving only the alkali inactivated extract 
grew rapidly for 16 days and then died very suddenly. The autopsy 
revealed no evidence of infection of any kind nor any other obvious cause 
of death. The failure was undoubtedly nutritional. 


To continue the study SIX older dogs were placed On thie basal ration 


containing the four pure vitamins. All of these dogs showed a growt}! 
plateau followed by anorexia and a marked loss of weight. Definit: 


growth responses resulted when the pantothenic acid concentrate or the 
acid ether extract of this concentrate was injected. If, however, thi 
animal was maintained on this ration continuously after one or several 
responses to pantothenic acid, a point was always reached when no response 
could be elicited by pantothenic acid. This was also the case when the 
alkali inactivated hexane-butanol extract was included in the ration at a 
level of 3 per cent. Addition of whole liver extract or the alcohol ether 
precipitate fraction produced an immediate recovery, but the aleohol ethe: 
filtrate and high levels of the alkali treated hexane-butanol extract wer 
ineffective. Typical results obtained with these dogs are shown in figure | 

Ether extraction. The removal of pantothenic acid from liver extract 
was accomplished with the following procedure: 200 grams alcohol solubk 
liver extract no. 39796 was diluted to one liter with water and 1:1 HeSO, 
added until the pH was approximately 2.0. The precipitate thus formed 
was filtered off and the filtrate was placed in a continuous liquid-to-liquid 
extractor and extracted with peroxide free ether for 5 to 7 days. The 
pantothenic acid content of this ether residue was found to be not greater 
than 14 micrograms per gram of original liver extract. 

This fraction was then added to the basal ration at a level of 2 per cent. 
Several older growing dogs were used for this study, all of which had been 
on fractions supplying large amounts of pantothenic acid. On this frae- 
tion dog 7 gained almost 4 kgm. in 80 days, then a plateau in the rate of 
growth occurred followed by anorexia and diarrhea with a consequent loss 
of weight. At this point injection of 3.5 cc. of a pantothenic acid con 
centrate produced an immediate remission from this condition as shown in 
figure 1. The pantothenic acid concentrate was prepared from. thie 
alcohol ether filtrate fraction of liver extract powder followed by adsorp- 
tion and elution of the vitamin from active norite as was employed in that 
concentrate prepared by the Wilson Laboratories. The eluate was finally 
extracted with ether at acid pH. This extract contained only 1.85 per 
cent solids of which 5.4 per cent was pantothenic acid. Several days afte: 
the peak of growth response was reached the animal was found in a deep 


coma and died a few hours later. The comatose state was characterized 
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by bradycardia, deep labored breathing, and a temperature of 105 degrees. 
This syndrome simulated in many respects that previously reported for 
dog 14 (1). Another dog on this residue for 88 days was found in a 


Fig. 1. Growth curves of older dogs on pantothenic acid deficient rations. 

Dog 4—Basal ration. A, Wilson pantothenic acid concentrate equivalent to 20 
mgm. pantothenic acid. B, Wilson pantothenic acid concentrate equivalent to 
20.7 mgm. pantothenic acid. C, alkali treated hexane-butanol extract equivalent 
to 52 grams liver extract + 4 percent onration. D, 2 per cent alcohol ether precipi- 
tate on ration. E, Wilson pantothenic acid concentrate equivalent to 21 mgm. pan- 
tothenic acid 

Dog 5—Basal ration. F, Wilson pantothenic acid concentrate equivalent to 17.5 
Ingm. pantothenic acid. G, Wilson pantothenic acid concentrate equivalent to 45 
mgm. pantothenic acid. H, alkali treated hexane-butanol extract equivalent to 80 
grams liver extract + 5 percent onration. I, started 4 per cent liver extract powder 
on ration. 

Dog 6-3 per cent alkali treated hexane-butanol extract on ration. J, Wilson panto- 
thenic acid concentrate equivalent to 7.13 mgm. pantothenic acid. K, Wilson panto- 
thenic acid concentrate equivalent to 14.0 mgm. pantothenic acid. L, Wilson 
pantothenic acid concentrate equivalent to 23.8 mgm. pantothenic acid. M, started 
4 per cent liver extract 39796 on ration + 20 grams liver extract powder orally 

Dog 7—2 per cent acid ether residue. N, pantothenic acid concentrate equivalent 
to 8 mgm. pantothenic acid. O, animal died. 


similar comatose condition and died shortly after. Autopsy of both dogs 
revealed mottled livers, severe gastritis particularly of the pylorus, and 
heavy bile pigmentation throughout the intestine. 
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To investigate further the use of ether residues in producing the defi- 
ciency a litter of six young puppies was placed on the basal ration supple 
mented with the _ crystalline vitamins. Two were given the acid ether 
residue at a level of 2 per cent, two were given the acid ether extract at a 
level of 2 per cent, and the last two were given molasses at a level of 6 
per cent. This molasses was found to be a good source of factor W accord- 
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Fig. 2. Growth curves of young puppies on pantothenic acid and factor W deficient 
rations. 


Dogs 12 and 13—-6 per cent molasses. A, pantothenic acid concentrate equivalent 
to 1.89 mgm. pantothenic acid. B, acid ether extract equivalent to 25 grams liver 
extract. C, changed to 4 per cent liver extract powder. D, pantothenic acid con- 
centrate equivalent to 3.8 mgm. pantothenic acid. E, 20 mgm. choline hydro- 
chloride. F, acid ether extract equivalent to 22.5 gram liver extract 

Dogs 10 and 11—2 per cent acid ether extract. G, changed to 2 per cent alkali 
treated acid ether residue. H, changed to 2 per cent acid ether residue 

Dogs 8 and 9-2 per cent acid ether residue. 1, animal died. J, pantothenic acid 
concentrate equivalent to 4 mgm. pantothenic acid. K, acid ether extract equiv 
alent to 30 grams liver extract. 


ing to the rat assay method and contained only 7 micrograms of panto- 
thenic acid per gram. The growth response of these dogs is given in 
figure 2. 

The two dogs receiving the acid ether residue grew very well for 4 weeks 
and then failed very suddenly. An injection of the pantothenic acid con- 
centrate was given to dog 9 but no beneficial effects were observed. Upon 
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autopsy an intussusception was found in the lower small intestine which 
explains the anorexia and frequent vomiting movements as well as the 
primary cause of death. Light colored livers were found in both dogs. 
The yellowest was assayed for its riboflavin content by the method of 
Snell and Strong (9) and was found to contain 32 micrograms per gram of 
wet liver. 

The two dogs receiving the acid ether extract grew fairly well but 
eventually plateaued after 7 weeks. Replacement of the extract with the 
acid ether residue or the alkali treated acid ether residue at a level of 2 
per cent produced immediate responses in both cases. The latter fraction 
was prepared by diluting the acid ether residue 10 times with water, adding 
solid KOH to a concentration of | normal and then heating on the steam 
bath at 85 88°C. for 1} hours. The dogs receiving molasses grew very 
well for 4 weeks and then started to decline. Dog 12 failed to respond to 
pantothenic acid, choline, or the acid ether extract, but did show improve- 
ment for a time on liver extract powder until a serious infection incurred 
at the point of injection of the liver fractions. Dog 13 showed a slight 
response to the pantothenic acid concentrate, but not to a subsequent dose 
given as the acid ether extract fraction. The addition of 3 per cent liver 
extract powder to the basal ration resulted in an immediate recovery. 

Discussion. It is apparent from the data presented above that the 
dog requires, in addition to factor W (the alkali stable factor), two essential 
factors which are destroyed by alkali. Thus dog 6 receiving the alkali 
treated hexane-butanol extract responded at first to injections of the 
pantothenic acid concentrate. Maintained on this fraction the animal 
became deficient again and would not respond to injections of much larger 
doses of pantothenic acid. Liver extract powder was required to restore 
his weight back to the original level. This was also true in the case of 
dog 5. After an initial response to pantothenic acid a relapse occurred 
which could not be cured by a combination of 45 mgm. of pantothenic 
acid in concentrate form and 80 grams of the alkali treated hexane-butanol 
extract given orally and parenterally as well as an additional 5 per cent 
of this fraction on the ration. Four per cent of liver extract powder sup- 
plemented to the basal ration completely restored the animal to normal. 

The immediate temporary response of all dogs to injections of the highly 
purified pantothenic acid concentrates indicates strongly that this factor 
is required by the dog. The striking remission in the case of dog 7 was 
obtained on the pantothenic acid concentrate which represented only 17.5 
grams of liver extract powder. It is unlikely that any factor other than 
pantothenic acid should follow so closely and so quantitatively. How- 
ever, the matter cannot be established for certain until pure pantothenic 


acid is available. 


The differentiation between pantothenic acid and the other essential 
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factors is further shown by the behavior of dog 4. Left on the basal 


ration alone the animal failed to respond a second time to 20 mgm. panto- 


thenic acid and to large quantities of the alkali treated hexane-butanol 
extract. However, the addition of the aleohol ether precipitate at a 2 
per cent level resulted in immediate recovery. This fraction contains no 
more than 20 micrograms of pantothenic acid per gram equivalent of liver 
extract powder. The recovery on such a fraction proves that there 
existed a deficiency of other factors. 

Our experience with the acid ether fractions indicates that acid ether 
extraction removes other essential factors as well as pantothenic acid. 
The survival obtained with the acid ether extract alone at 2 per cent indi 
cates that this fraction carries appreciable amounts of the alkali labil 
factor and just enough factor W for maintenance. The substitution of 
the alkali treated residue at a level of 2 per cent produced an excellent 
growth response further demonstrating the essential nature of the alkali 
stable factor W. The collapse of dog 7 could be ascribed to the inade- 
quacy of the acid ether residue in factors other than pantothenic acid, yet 
the possibility of another acute pantothenic acid deficiency brought on by 
the rapid growth should also be considered 

The failure of dogs 12 and 13 to be maintained on molasses when sup- 
plemented with pantothenic acid indicates that molasses is also unsatisfac- 
tory as a B complex source for a study of pantothenic acid deficiency 
Since molasses is adequate as a factor W source at 4 per cent for rat 
growth, it is probable that the dog requires still another factor. Recovery 
from this deficiency was obtained with 3 per cent liver extract in both 
cases although infection seriously hampered dog 12. 

The complicated nature of the pantothenic acid deficiencies observed 
thus far reduces the significance of the variety of symptoms which we 
have seen. Irregular cardiac activity in tachyeardia, less frequently in 
bradycardia, nausea and vomiting, intussusception, and finally loss of fur 
and dry scaliness of the skin suggest an impairment of autonomic control 
and especially that of the parasympathetic nervous system. What factor 
or factors these symptoms are attributable to cannot be seen in the light 
of present evidence. 


SUMMARY 


1. Evidence is presented for the necessity of pantothenic acid in addi- 
tion to factor W in the nutrition of the dog. Dogs fail on alkali inactivated 
or acid ether extracted liver extract preparations and show a growth re- 
sponse upon the addition of concentrates of pantothenic acid. The rations 
employed thus far are not suitable for study of an uncomplicated panto- 
thenic acid deficiency. 


2. Dogs receiving the alkali treated factor W > preparation and the 
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pantothenic acid concentrate do not show normal growth until other 
fractions are added to the ration. It is evident that there is an alkali 
labile factor other than pantothenic acid which is essential for the dog. 
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In the studies on cobalt polvevthemia in this laboratory the observation 
has frequently been made that rats failed to maintain high levels of poly- 
evthemia. The level of hemoglobin and erythrocytes showed significant 
decreases, returning in some cases to normal. Subsequently the pols 
cythemia would develop again, but it was difficult to maintain a high level 
of polycythemia for any length of time withdut these rather marked 
fluctuations. 

The animals were receiving 0.03 mgm. of manganese per day which is 
considerably less than the level used by Orten et al. (1), but since these 
investigators have only reported studies on two relatively high levels 

1.0 and 5.0 mgm. per day) no data were available which would indicate 
the level of manganese necessary for the stabilizing effect which they ob 
served. The level of manganese which was employed in this study would 
be adequate for other known requirements hence other possible explana 
tions for these effects were sought. 

Since these animals were subjected to an abnormal hematopoietic stress 
it was possible that milk might not be sufficient in all respects as a basal 
food. Marshall (2) studying the effects of liver administration to poly- 


cythemic rats reported that liver extract produced a temporary depres- 


sion in the polycythemia, followed by an increase to a level above the 
initially high level. Fresh liver produced an increase in the level of 
polycythemia without the temporary decrease noted with the extract. 
Considering these observations, then, it seemed possible that liver or 
certain liver fractions might aid in stabilizing the high levels of poly- 
cythemia, when added to the milk ration. 


1 Published with the approval of the Director of the Wisconsin Agricultural 
I°xxperiment Station. This work was supported in part by grants from the University 
Research Fund and the Works Progress Administration 

2 As aCommonwealth Fellow in this Department Doctor Underwood made the 
original observations which prompted this study. At present he is located in the 
Department of Agriculture in Perth, Western Australia. 
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In this report we wish to present the results obtained with various live 
fractions as a supplement to the mineralized milk along with a modified 
procedure for drawing the blood samples for hemoglobin determinations 

MXPERIMENTAL. Male albino rats weighing approximately 200 to 250 
grams were placed on a mineralized milk’ ration. Hemoglobin determina- 
tions were followed as an index of polyeythemia since the correlation 
between cell count and hemoglobin level has been well enough established 
3) for the purposes of this experiment. Results of comparative determina- 
tions, however, on 12 of these animals showed that rats with a hemoglobin 
level of 23.2 grams per 100 cc. of blood had an erythrocyte count of ap- 
proximately 11.6 million per cubic millimeter, as compared with the normal 


HEMOGLOBIN 


Fig. 1. Hemoglobin curves of rats receiving cobalt Note the consistently higher 
level of polycythemia in the rats receiving whole liver substance. A indicates the 
point at which the new method of drawing blood was employed 


hemoglobin level of approximately 14.5 and erythrocyte count of 7.5 
million. 

In the first series of animals, half of the group received | gram of Wilson's 
whole liver substance per day. Figure 1 summarizes the results obtained. 
\lthough each curve represents the average of three rats, the data are 
typical of many more. It will be noted that in both groups the fluctuations 
occurred in the hemoglobin curves although the animals on the liver sup- 
plement maintained a significantly higher level of hemoglobin. 

Up to this time the technique employed for drawing blood samples had 


Daily supplement per rat included: 0.7 mgm. of Fe as the pyrophosphate, 0.07 
mgm. of Cu as the sulfate, 0.03 mgm. of Mn as the chloride, 0.7 mgm. of Co as the 
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included clipping the end of rat's tail. The relative degree of injury to 
the animal became progressively worse as the experiment proceeded and 
it was difficult at times to prevent excess bleeding. Bleeding could be 
stopped by pressure on the tip of the tail or by heat cautery, but the 
animals would often reopen the wound when returned to their cages 
Considerable loss of blood under such conditions prompted a search for a 
more satisfactory method for drawing the blood sample. Various methods 
were tried but the most satisfactory seemed to require the use of a razor 
blade or sharp sealpel with which the lateral vein of the tail could be 
severed, without cutting through the tail. The resulting clean cut would 
bleed freely but could be sealed readily by slight pressure of the forefinger 
directly over the cut. Employing this technique no more than 5 drops 
of blood were required from the animal to assure free flowing blood and an 
adequate sample for the hemoglobin determination. Likewise the in- 
flammation which develops around the injured portion of the tail after 
clipping with scissors did not appear and the general disturbance of the 
animal was greatly decreased. 

At the point A in figure 1 this modified technique was employed in the 
blood sampling. The resulting smooth curve indicates that hemorrhage 
may have had considerable influence upon the variability of the previous 
hemoglobin levels. 


Since the animals receiving the whole liver substance showed a consist- 


ently higher level of hemoglobin than the control group, it appeared that 


liver also had a significant effect in maintaining the high level of polycy- 
themia. In the next series then the effects of whole liver substance, liver 
extract and liver residue,‘ were studied. 

Lowering the caleium-phosphorus ratio of a ration by adding Nall,PO, 
has been shown (4) to increase iron utilization. It seemed possible that 
it might likewise speed up cobalt assimilation so in one group an amount 
of the NaH.PO, was added to the milk sufficient to reduce the Ca/P to 0.6 
Casein was employed as a supplement to another group to indicate the 
possibility of a purely protein effect. Lilly’s P. A. concentrate for oral 
administration was employed with another group as a further possible 
fractionation of the liver substance. 

Figure 2 summarizes the results obtained with those groups showing 
significant differences. Here again only typical data are presented, each 
curve representing the average of 3 rats. It will be noted that the liver 
extract (Lilly) allowed the highest level of polycythemia. In one case 
an animal attained a level of 28 grams of hemoglobin per 100 ce. of blood. 
Whole liver substance likewise allows a more rapid induction of polycy- 


‘ These liver fractions were kindly supplied by Dr. David Klein of the Wilson 
Laboratories, Chicago, Illinois 
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themia and the attainment of a higher level than the control animals. 
The NaH2PO, practically eliminated the lag phase typical of the early part 
of the curve for the control group, but the animals exhibited the most 
marked symptoms of toxicity of the whole series. This observation is 
further substantiated by the depression of the growth curve. Of the 
growth curves in general it may be stated that the more rapid the produc- 
tion of polycythemia the more depressing the effect upon growth. 


ACT 


24 


Ex TR. 
Lu 


2 


GMS /100 cc 
- nN 
eo ie] 


HEMOGLOBIN 


HEMORRHAGE 


Fig. 2. Comparison of the groups of rats receiving supplements to the mineralized 
milk. Upper curves represent hemoglobin level, lower curves body weight. Note 
the higher levels of polycythemia in the animals receiving whole liver substance 
ind liver extract. Note the rapid induction of polycythemia in the rats receiving 
NaH.PO,, with the resulting retarded growth. 

Fig. 3. Hemoglobin curves of individual rats showing the effect of hemorrhage. 
Note the stabilizing effect of the liver extract 


The group receiving casein and the group receiving Wilson’s liver ex- 
tract showed only a slightly higher hemoglobin curve than the control 
group while the group on the liver residue showed a curve identical with 
the control group. Hence these curves were not included in this report. 

It should be noted that the hemoglobin curves in this series are relatively 
smooth. Since the only difference between the groups of this series and 
those of the first series was the method of drawing the blood samples, it 
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appears that hemorrhage definitely affected the former results. As a 
further proof of the effect of hemorrhage, it was decided to produce a 
hemorrhage artificially, taking advantage of the tendency to bleed freely 
from a clean cut in the tail vein. In this case the tail was completely 
severed near the tip, and by frequently dilating the blood vessels with 


warm water and gently massaging the lateral veins toward the open 


wound, the animals could easily be bled to death. For our purposes, 
however, approximately 5 ce. were removed at a time and the results are 
shown in figure 3. The similarity between this curve and those obtained 
on the former animals in which hemorrhage was accidental, lends further 
evidence to the concept that the loss of blood was a significant factor in the 
failure to maintain high levels of polycythemia. 

The supplemental effect of whole liver substance (Wilson) and liver 
extract (Lilly) was again demonstrated by the higher level of poly- 
cythemia produced, and by the fact that animals receiving the whole liver 
or liver extract failed to show the severe decreases in hemoglobin noted in 
the control group. In each case the control animal showed greater drops 
in the hemoglobin level although the amount of hemorrhage was equivalent. 

Discussion. From the data presented in this report two facts seem 
evident. First, the technique for drawing blood samples cannot be the 
same as that generally used for young rats where only 3 or 4 determinations 
are required. The degree of injury and the resulting loss of blood intro- 
duce undesirable results into studies on the levels of blood constituents 
The modified technique herein described has been used on rats of all 
ages and has proven to be highly satisfactory in all cases and definitely 
superior to the classical method of clipping off the tip of the tail for blood 
samples. 

Second, liver and certain liver fractions have been shown to aid the rat 
in maintaining a high level of polyeythemia when the animal is fed cobalt 
These results are in agreement with the observation of Marshall (2) al- 
though our data are not directly comparable since in our study the animals 
received the supplements at the same time that cobalt administration 
began while Marshall fed the supplements after the polyeythemia had beer 
produced. 

Our observations are interesting in light of the effect of choline hydro- 
chloride or liver administration which has been reported by Davis (5 
to depress cobalt polycythemia in dogs. The liver extract (Lilly) failed 
to depress polycythemia in the rats although it was fed at a level which 
would supply approximately 8 mgm. of choline per kilogram of body 
weight, the level found to be effective for dogs. The supplemental effect 
of certain liver fractions for the maintenance of polycythemia indicates 
that choline does not have a depressing action on the cobalt polyeythemia 
of rats at the level fed. 


378 ANDERSON, UNDERWOOD AND ELVEHJEM 


Since we were able to maintain the control animals at high levels of 
polveyvthemia by modifying the bleeding technique, it would appear that 
the level of Mn employed was adequate, although the effects of higher 
levels were not studied. 


SUMMARY 


1. Fluctuations in the hemoglobin level of polveythemic rats have been 
largely prevented by modifying the technique of blood sampling to prevent 
unnecessary losses of blood. 

2. Whole liver powder, liver extract (Wilson’s) and a P. A. concentrate 
for oral use (Lilly) were found to aid the rats in producing and main- 
taining a higher level of cobalt polyeythemia when added to a milk diet 

3. Casein had a very slight supplementary effect while liver residue 

Wilson’s) gave results identical with the control group. 

t. When the calcium-phosphorus ratio of the milk was decreased to 0.6 
by the addition of NaH,PQ, the rate of development of polycythemia in- 
creased with a resulting toxicity and depression of growth. 
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TYPICAL ANAPHYLAXIS IN THE DOG IN THE ABSENCE 
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Anaphylaxis is characterized in certain species by the response of some 
particular tissues, leading to asphyxia in the guinea pig, heart failure in 
the rabbit and hepatic engorgement in the dog. These responses are, in 
general, regarded by students of anaphylaxis as the most obvious feature 


of a widespread tissue involvement. Even so, it has been generally 


accepted that anaphylaxis in the dog is not only characterized by liver 
involvement but does not occur in the absence of this organ. This view 
has been based on the experimental work of a number of investigators, who 
have interpreted their negative findings in this way. Also it has been 
supposed that any responses in extra-hepatic tissues are dependent upon 
the primary reaction in the liver and are the result of the liberation there- 
from of toxic material into the circulation. 

While there are differences of opinion on the mode of action of the liver 
in anaphylaxis in the dog, there has been almost complete agreement that 
this organ is essential for the production of typical canine anaphylaxis. 
Manwaring (1910) was unable to elicit anaphylactic shock in dogs with 
livers excluded by ligating various blood vessels. Voegtlin and Bernheim 
(1911) and Denecke (1914) excluded the liver by preparing Eck fistulas 
and clamping the hepatic arteries; subsequent injection of antigen gave no 
shock. Dale (1912) performed a few similar experiments and obtained 
no trace of shock with the liver excluded from the circulation, but on release 
of the clamp on the hepatic artery shock did develop. Weil (1917 
demonstrating the marked congestion of the liver when antigen was 
injected into the [portal vein or one of its branches, concluded that the 
congestion was a purely local phenomenon in the dog and was the only 
mechanism which takes part in the production of the vasomotor shock of 
anaphylaxis. Manwaring et al. (1925) found that their sensitized dogs, 
eviscerated or dehepatized by a modification of the Dale-Laidlaw Eck fistula 
technique, did not show the typical fall in blood pressure. When they 
mechanically obstructed the hepatic veins of a sensitized dog, Simonds and 
Brandes (1929) detected no further fall in arterial blood pressure when the 
antigen was injected, but it did occur on release of the obstruction. Again 
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these experiments were interpreted as further evidence that the liver was 
essential for the manifestation of canine anaphylaxis. 

On the contrary, Pelz and Jackson (1918) claimed to have obtained 
anaphylactic shock after excluding the liver, but the single blood pres- 
sure tracing which they reproduce by no means represents the typical 
profound fall in blood pressure of the intaet shocked dog. These ex- 
periments, in common with many another where exclusion of the liver 
was attempted by ligation procedures, may be criticized on the grounds 
that this organ was not completely isolated from the circulation. Thus 
{ich (1923) has shown by his experiments of injecting India ink into the 
jugular veins of dogs with ligatures around the portal vein, hepatic artery 
and inferior vena cava above the diaphragm, that some connection still exists 
by means of certain diaphragmatic vessels between the liver and the general 
circulation. Clearly it is preferable completely to remove the liver from the 
abdomen by surgical procedure. This we have done, and have obtained in 
these dehepatized sensitized dogs typical anaphylactic shock on injection of 
antigen. A preliminary account of these experiments has already been 
given (Waters, Markowitz and Jaques, 1938). 

EXPERIMENTAL. ‘The dogs were sensitized to horse serum which had 
been treated with alum. The serum was mixed with jth of its volume of 
a 10 per cent solution of potassium alum (Als(SO4)3;KeSO, 24H2O). This 
mixture was left in the refrigerator for 24 hours, then injected subcutane- 
ously in amount equivalent to 0.5 ce. serum per kilo body weight. The 
shock dose of normal horse serum was given intravenously five or more 
weeks later. This method of sensitization we have found very satisfactory. 
The time required for sensitization appears to be longer than when un- 
treated serum is given, but the animals remain highly sensitized for a 
much longer period. These results are in accord with the success obtained 
in sensitizing guinea pigs with ragweed pollen extracts treated with alum 
(Caulfield, Brawn and Waters, 1935). 

The hepatectomy operations were carried ‘out under ether anesthesia by 
the one-stage technique described by Markowitz, Yater and Burrows 
(1933). 

Dog 1. 7.2 kgm. Sensitization period: 8 weeks 
10:15 a.m. Ether anesthesia. 
11:00 a.m. Liver removed from abdomen. 
11:10 a.m. 20cc. 25 per cent dextrose solution. 
11:26a.m. 20cc. horse serum (jugular vein) injected over a period of 40 seconds. 

11:55 a.m Dog died. 

Blood pressure (carotid) decreased evenly from 108 to 52 mm. Hg 
in 100 seconds of the beginning of the injection of serum. Further 
gradual fall until death. 

Bladder response within 30 seconds of the beginning of serum 
injection. 


rYPICAL ANAPHYLANIS IN HEPATECTOMIZED DO‘ 


our sensitized dogs, after fasting for 24 hours, wer 
ether ane st he and while still sthe tized showed 
toms on Injection Of antigen Details of two of these 
tabulated, and the kvmograph records of thi 


hgures | and = ( hange bladdet tone were 


connected to a cannula inserted through the | 


records of changes in re within the bladdet 

quate dextrose Was hypoglys 

blood found in the abdominal cavity at post mortem 
Discussion. We have used as our ¢ 

fall in arterial blood pressure which immediate] 

the shock dose of antigen This was first noted by 


il ad has been amply confirmed by all who have 


Dog 2 10.0 Kgm Sensitization period: 6 weet 
11:30 acn k:ther anesthesi 
12:15 p.m Liver removed from abdomer 
12:30 p.n 25 per cent dextrose solution 
12:50 p.n 20 ce. horse serum igular vei 
1S 25 pel ent dextrose solut nu t i t 
2:37 p.m Further injection of 20 ec. horse seru } | ' ' } j 
pressure 42 mm Hy i rt = 
mm. Hg, sharply at first, then more gradu ! ) 
tter serul 
Bladder tone increased within 1 tes. BR 
for br 
Fig. 1 Fig. 2 
Fig Liverless dog 3 Vim ntervals LO seeonds Bladder ipper tt ng 
rotid blood pressure lowe! Injected with 1.3 hors Serul at 
veight. Slight elevation of blood pressure near center ty nod ; 
dextrose solutior 
2. Liverless dog 4 lime inter s 10 nds Bladde: 
rotid blood pressure Iniected with 0.5 } rs Gor | 
veight wo slight els tions of blood pressut P ; 
} 
ehepatized 
Thy 
experiment 
ire reproduced 
wall. Quantitative 
ere not mace Yale 
were small 
hock the pronou eq 
llows the o 
ed] and Kraus 
it. We have give 
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ro sera, in equuvale nt doses, to seven normal and to two evis- 
cerated dogs under ether anesthesia, without anv effeet on the arterial 
blood pressure except in one ot the normal animals which did show «a fall 
nh pressure of about 15 mm. Hyg, but with complete recovery in about a 


It is therefore evident that anaphylaxis occurred in these dogs 


complete absence of the liver. as indged by the most characteristic 
test, namely, the profound fall in blood pressure 

Qhir results appeal to support the original conclusion of Bied| and Kraus 
1900) that the deereased blood pressure is due to a primary peripheral 
vasodilatation, though it would be unwarranted to conclude that im the 


Intact animal the hepatic changes mav not bea contributing factor of some 


miagnitiurce Indeed, our tracings indicate that the fall in blood pressure 
takes place a litthe more gradually in the dehepatized than in the whole 
animal But some of this difference mav be due to the major operation 
which immediately preceded the myection of antigen After noting the 
shock that developed in otherwise normal dogs into which had been trans- 
planted livers from sensitized dogs, Manwaring, Hosepian and O'Neill 
1925) considered it probable that extra hepatic factors are operative in 


anaphs lactic shock 
Manwaring ef al. (1925) were of the Op that the tone contraction 
of the bladder in canine anaphylaxis is due to the liberation from the lives 
of an anaphylatoxin with a histamine-like action We have obtained the 
tome contraction of the bladder in the absence of the liver. It has been 
clearly shown by several investigators (Dragstedt and Mead, 1936; Cod 
histamine is liberated in canine anaphylaxis. It is difficult to 
decice hether the bladder response we obtained, in the absence of the 
~ due toa direct action of the antigen or to the production else 
histamine or similar substance Dale and Laidlaw 
QO) <yeee sted that the ineresase in tone of the urmaryv bladder of the dog 
~tamine sheck was due to anemia of the sacral portion of the ~pinadl 
1 Whatever the cause of the contraction of the bladder in anaphylac- 
shock the production of an “anaphvlatoxin’ by the liver is not essential 
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It has been demonstrated that there is a distinct relationship between 
the thymus and the sex glands, in which the gonads exert an inhibitory 
effect. Using rats, Moore (1) showed that Antuitrin 8 stimulates hormone 
secretion by the testes, and Butcher and Persike (2) demonstrated that this 
increased hormone production arrests the growth of the thymus. This 
effect is through the gonads, since injections of Antuitrin 8 prove ineffective 
in arresting the growth of the thymi of castrated animals. On the basis 
of these observations, it seemed probable that testosterone propionate 
might induce regressive changes in the thymus, and this study was under- 
taken to determine the effect in young rats. 

Metuops. Throughout these experiments, only healthy litter-mate 
albino rats within 5 grams’ body weight of each other were utilized, to avoid 
so far as possible the variations in thymic weights found in rats from differ- 
ent litters. No animals were autopsied at more than 100 days of age, at 
which time the thymus of the white rat generally begins involution (4). 
It has been demonstrated that the thymus reacts rapidly to disturbances 


in nutrition (5, 6, 7), so each group was kept in a separate cage, in which 
there was an excess of food and water at all times. 

Each of these litter-mate groups consisted of several rats of the same 
sex, one serving as a control, the others being injected intraperitoneally 
with different amounts of testosterone propionate dissolved in sesame oil 
0.1 mgm. to 1.0 ec.). There was an equal number of male and female 
groups. Usually, each rat was autopsied one day after the last injection. 
Body weights at the beginning of injections and at the time of autopsy were 
recorded. The relative weight of the thymus of each of the injected ani- 
mals was compared to that of its litter-mate control, and the difference 
recorded in percent. The thymi of the majority of both experimental ani- 


After these experiments were started, Chiodi (3) reported that the thymi of 
white rats undergo atrophy under the influence of testosterone. Since the results of 
my experiments differ in certain respects from his, and since the data presented 

‘re are more comple te than those obtained by him, it was deemed advisable to 


present this work 
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mals and their controls were also examined for histological changes 
Livers from most of the rats were examined in sections stained with hema 
toxylin and eosin and in frozen sections stained with Sudan II] 

As approximately 150 litters, with a total of 357 rats, were used in thes 
experiments, not all of the data obtained can be presented here. “Typical 
litters, therefore, have been selected, and the data from these are presented 
in table 1. 


Fig. 1. The number of days of injections (x-axis) is plotted against the 
decrease (—) in the weight of the thymus of the injected rat as compared wit 
weight of the thymus of its litter-mate control (y-axis). The individual percent 
points for each day of injections are averaged, and a smooth line graph is drawn fron 


the average points thus obtained 


OBSERVATIONS. After 4 to 5 daily injections of 0.02 mgm. or more of 
testosterone propionate, the thymi of both male and female rats, between 
the ages of 20 days and 80 days, begin to involute. This involution reaches 
a peak at about the 19th day of injections. Figure 1 indicates that this 
decrease in size of the thymi of the injected animals is an involution and not 
an arrested growth. 

The histological structure of the thymi of the injected rats changes slowly 
By the 22nd day of injections, however, it is clearly evident that there ar 
fewer thymocytes in both cortex and medulla, resulting in a less distinet 


differentiation between these two zones. The capsule becomes thickened, 


? The complete data are on file in this laboratory 
anyone who wishes to consult them 
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TABLE 1 


Representative protocols 
I 


NUM- OBSERVATIONS AT AUTOPSY 
BER OF 
DAYS 
TREATMENT OFIN- Body | Thy Per cent 
JEC- Age ‘ight _™us 
TIONS Weight weight 4 
milli- 
grams grams 
Control $1 74 220 
0.01 mgm. daily from 6l1st 20 8] 72 178 16 
day 
Control 80 5S 145 
0.01 mgm. daily from 62nd IS 80 52 92 31 
day 
Controls 74 76.5 218 
0.02 mgm. daily from 55th 1s 74 a2 127 37 
day 
0.03 mgm. daily from 55th 18 | 74 76 136 37 
day 
Control §2 56 124 
0.02 mgm. daily from 36th 16 52 51 64 
day 
0.03 mgm. daily from 36th 16 52 58 77 10) 
day 
Control 62 | 111 213 
0.02 mgm. every other day 11 62 | 109 177 5 
from day 
Control 15 59 117 
0.02 mgm. every other day 9 15 56 79 28 
from 28th day 
Controls 10 14 20.5 
0.02 mgm. daily from 3rd 7 10 12 15 11 
day 
0.02 mgm. daily from 3rd 7 10 8 10 14 
day 
Control 6 13 
0.02 mgm. daily from 3rd 3 6 6 8 8 
day 
Control 20, 25 84 
0.02 mgm. daily from 13th r 20 26 68 22 


day 
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TABLE 1-¢ 


NUM 
BER OF 
RATS 


TREATMENT 


Control 
0.02 mgm. daily from 27 
13rd days 


Control 

0.02 daily from 
about the 30th day for 16 

Killed 21 

after last injection 


mgm 


days. days 


‘ontrol 

‘astrated. 5 days later, 
0.02 mgm. daily from 
about the 35th day 


‘ontrol 
‘astrated. 4 days later, 


0.03 mgm. from 58th day 


‘ontrol 
‘astrated 
0.04 mgm. daily from 
about the 35th day 


+ days later, 


ontrol 
‘astrated. Killed 21 days 
later 
‘astrated 
0.08 mgm. daily 
about the 35th day 


5 days later, 


from 


and there is an invasion and replacement 
connective and adipose tissues. 

Since the hormone was administered in o 
the effect of the oil itself on the growth of 


NE PROPLONATI 


‘oncluded 


NUM- 
BER OF 
DAYS 
OF IN 
JEC 


OBSERVATIONS AT AUTOPSY 


Ns 


of the normal thymic tissue by 


il, tests were made Lo dete rmiine 


the thymus. Thirty groups of 


animals were injected daily with sesame oil, in amounts ranging from 0.1 


ec. to 0.6 ce. 


effect as the largest. By the 13th to 15th 


These injections did cause the thymus to involute slightly 
for a short time (fig. 1), the smallest injec 


tion producing about the samy 
dav of injections, however, re- 


fractoriness to the oil developed, and the weights of the thymi of the in 
jected animals returned to normal (fig. 1). 
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GROUP 
SEX NUM Pe ce 
BER Age mus 
weight 
grams 
: 10 l 64 73 105 
I 17 64 79 152 53.3 
x 1] Q7 157 
l 16 110 193 | 
12 ( 69 149 
l ( 20 67 154 6.2 
13 l ( 69 110 216 
l ( 11 69 110 212 2.0 
P 14 l ( 95 139 
l ( 21 RS 
15 ( 107 220) 
] ( 101 255 25.0 
( 87 57 | 
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To determine the smallest amount of testosterone propionate which 
would produce a maximum involution of the thymus of the average rat 
used, daily injections were varied from 0.01 mgm. to 0.04 mgm. — Injections 
of 0.01 mgm. produced a moderate degree of involution (litters 1, 2 
table 1). On the basis of data obtained from 24 groups, with a total 
of 76 rats, it would seem, however, that 0.02 mgm. was the optimal daily 
dosage, since it Was as effective as daily injections of 0.03 mgm. and 0.04 
mgm. (litters 3, 4). 

Three groups of males were injected with this most efficient dosage (0.02 
mgm.) every other day for a total period of 17 days. A like number of 
females was similarly treated for a total period of 21 days. While a certain 
degree of involution was obtained in all of the injected animals of these 
two groups, it was found that the percentage involution in these rats was 
not so great as that which occurred in those animals injected daily with 
the same dosage. (Compare litters 3, 4 with litters 5,6.) For producing 
& maximum degree of thymic involution in the average rat used, the daily 
administration of 0.02 mgm. of testosterone propionate appears to be most 
efficient. 

To determine the earliest age at which a change in the thymus could be 
induced, 10 groups of rats were injected daily with 0.02 mgm. of testoster- 
one propionate from the second day of life, and were killed at various ages. 
In these very young rats, the effect of the injections was generally so great 
as to inhibit the body growth to such an extent that the injected animals 
usually weighed about one-fourth less than their controls, after only 6 to 
7 days (litter 7). In these groups it was apparent that a decrease in the 
size of the thymus could be obtained at the 6th day of age (litter 8). It 
is a question, however, how early testosterone propionate itself will cause 
a change in the thymus, since the reduction in the size of the thymi of the 
rats In these groups may have been caused, not by the hormone, but bv 
disturbances in nutrition, as is indicated by the failure of the injected 
animals to grow as much as their non-injected controls. On the other 
hand, rats injected with 0.02 mgm. of the hormone from the 13th to 19th 
day of life showed a very distinct involution of the thymus, accompanied 
by no disturbances in body growth (litter 9). 

[In gonadectomized animals injected with testosterone propionate, a 
regression in the size of the thymus was also obtained. Daily injections 
of 0.02 mgm. and 0.03 mgm., however, were not sufficient to definitely 
cause the thymus of the gonadectomized rat to involute (litters 12, 13) 
hut injections of 0.04 mgm., 0.06 mgm. and 0.08 mgm. produced a definite 
reduction (litters 14, 15). Non-injected gonadectomized rats showed 
either unaffected or larger thymi than did their controls. 

(Certain rats were injected for long periods of time in order to determine 
whether or not refractoriness would develop. Females, injected daily 
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with 0.02 mgm. of testosterone propionate, exhibited refractoriness, sine 
their thymi returned to normal size at about the 44th day of injections 
fig. 1). Males, comparably treated, showed a certain degree of refrac 
toriness by the 44th day, although this effeet was not so pronounced o1 
complete in the males as it was in the females (fig. 1 Vhis sex difference: 
appears to be statistically significant, since the probability against 

difference of this magnitude occurring by chance is more than 1000: 1 

Might groups of rats were injected with 0.02 mgm. of testosterone pro 
pionate for 17 days, and were autopsied at about 20 days after the last 
injection. The thymi of these rats had hypertrophied, and, in most cases 
exceeded in weight the thymi of their litter-mate controls (litters 10, 11 

At autopsy, it was found that out of 139 injected animals, 28 had grown 
less, 18 had grown more, and 93 had grown neither more nor less than their 
controls. Since almost comparable numbers of the injected rats were 
either heavier or lighter than their controls, and since the great majority 
of the animals were unaffected at all by the injections, it would appear 
that daily administration of 0.02 mgm. of testosterone propionate was 
unable to bring about an effect on the growth or body weights of the in 
jected animals, after the first 12 days of life. 

Nevertheless, in spite of this lack of influence on growth rate, frozen 
sections stained with Sudan IIT., and fixed sections stained with hematoxy 
lin and eosin from livers of rats injected with either sesame oil or testoster 
one propionate dissolved in oil showed marked fatty changes of the organs 
In some cases, fatty infiltration occurred, particularly on the periphery of 
the livers, where they were in direct contact with the oil injected into th 
abdominal cavity. There was also some evidence of a mild chronic in- 
flammatory reaction, probably as a result of the subjection of the hepatic 
tissue to a foreign substance. 

The testes of the male rats, and the ovaries of the female rats which wer 
injected with the hormone were smaller than those of their litter-mate 
controls. This inhibitory effect upon the gonads occurred gradually, but 


in the rats injected for longer periods of time, it Was quite marked. ‘The 


kidneys of rats injected with 0.02 mgm. of testosterone propionate gener 
ally were larger than those of their controls. This increase varied from S 
per cent to 25 per cent. 

DIsct SSION. The histological changes in the thyvmi which had under 
Lone induced In\ olution are similar to those occurring Ih normal 1i\ olution 
as described by Maximow and Bloom (8), and are much the same as those 
found by Butcher and Persike (2), Chiodi (3) and Smith (9). 

The finding based on data obtained from many groups of rats 


jections of sesame oil do have a depressive effect on the thymus for a short 


I am indebted to Prof. F. W. Weymouth for suggesting the statistical analysis 
and for checking the results 
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time is not in accord with the report of Chiodi (3), who states that th 
decrease in the size of the thymus cannot be attributed to the trauma or 
toxicity of the oil vehicle in which the hormone was dissolved. As his 
animals were injected for 11 days with 0.5 mgm. of testosterone dissolved 
in 0.33 cc. of the same oil, and were killed 4 days after the last injection, 
I believe that some of the thymic involution obtained by him might have 
been directly due to the adverse effects of the oil in which the hormone was 
dissolved. 

Chiodi (3) used two strengths of testosterone, 0.5 mgm. and 1.5 mgm.., 
and thought that the degree of regression in the size of the thymus is related 
to the strength of the dosage. It would seem, though, that this inference 
is hardly justified, since many of our animals which were injected with 
only 0.02 mgm. of testosterone propionate daily showed as great a degree 
of thymic involution as did the relatively few used by Chiodi, which 
received so much more of the hormone for the same period of time — unless 
one is to infer that the difference in potency of the two preparations is in 
the ratio of about 75:1. 

It is of more than passing interest that the thymi of those rats injected 
for 17 days and killed 20 days after the last injection hypertrophied rapidly 
after the injections were stopped. Butcher and Persike (2) also found this 
to be true in rats comparably treated with Antuitrin 8S. These results are 
in accord with those of Gottesman and Jaffe (10), who state that thymic 
remnants undergo hypertrophy after removal of the greater portion of the 
thymus. This suggests that there is some factor which maintains the 
thymus during immaturity. Chiodi (3) also found that the thymi of 
gonadectomized rats can be made to involute if the animals are treated 
with male sex hormone. That he failed to notice the difference in thresh- 
old is probably due to the fact that all of his dosages were excessive. 
Injections of testosterone propionate and the attendant organ changes had 
no appreciable effect on the body growth of the injected animals. Chiodi 
3) and McEuen, Selye and Collip (11) also found no changes in body 
growth as the result of male hormone administration. Although this was 
generally true in the present series, very young animals were inhibited in 
their growth, as has been discussed above. Selye (12), using mice, like- 
wise found that the kidneys of those animals receiving testosterone pro- 
pionate were usually enlarged. 


SUMMARY 


The thymi of voung albino rats of both sexes under 100 days of age were 
made to involute by injections of testosterone propionate, this involution 
reaching a peak at about the 19th day of injection. That this effect is 
significant is indicated by statistical analysis, which shows that the 
chances of such deviations as those observed being fortuitous are less than 
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1 in 1000. Daily administration of 0.02 mgm. or more caused the maxi- 
mum degree of thymic involution in both sexes. This change, starting at 
about the 4th to 5th day of injection, was a real involution, not merely an 
arrest in growth. Refractoriness to prolonged injections of testosteron: 
propionate occurred in both males and females, being more pronounced In 
females than in males. When the daily dosage was increased to 0.04 mgm. 
or more of testosterone propionate, an involution occurred in the thymi of 
gonadectomized animals of either sex. The thymi of both male and femal 


rats hypertrophied when the injections were stopped. Injections of pur 


sesame oil caused a slight degree of thymic involution fora short time, after 
which refractoriness occurred. Testosterone propionate administration 
did not affect the body growth of the injected rats of either sex, except at 
early ages. 
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The external, measurable action potential from a single element, the 
nerve fiber, has often been compared (cf. Gasser and Erlanger, 1927) 
to the potential drop across an external resistance R, between the poles of 
a battery with internal resistance R;. If the battery has an e.m.f., ¢, 
then 


€ = i(k, + R;), (1) 


where 7 is the current. Therefore in this analogy the external potential 
drop, the spike height, 7R, is determined by e, R,, and R;: 


ik, =e 

R.+ 

« is the potential difference across the polarized membrane, Rk, the longi- 
tudinal resistance outside the fiber, measured from the point where the 
crest of the impulse finds itself to the foot or the end of the spike, and 
R,; the corresponding resistance of the core of the fiber plus the resistance 
of the membrane at the electrically permeable region. 

It is therefore to be expected that the size of the action potential can 
be modified by agents (fluids, metals, ete.) which change FR,. Any sud- 
den change in the electrical conductance outside the fiber should abruptly 
change the action potential as it passes and theoretically should produce 
irregularities or artifacts in the recorded potential. 

The purpose of the present paper is to investigate the effect of varying 
the electrical conductance external to single, isolated, unmyelinated fibers 
upon their electrical response and the potential field surrounding them 
during activity. The “‘artifacts’’ produced as a consequence of irregu- 
larities in conductance between the leads will be studied, and several of 
the more interesting ones will be analyzed. 

A method of leading off with the fiber surrounded by a small quantity 
of solution was developed for these experiments. This method commends 
itself in general because there is little chance of damage to the fiber. It 
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is applicable to the study of other problems involving single fibers, par- 
ticularly the action of pharmacological agents 

MrTHOD. Single nerve fibers were obtained mainly from the claw of 
the crayfish, Cambarus clarkii; they were prepared according to the 
method developed by van Harreveld and Wiersma (1936). For the most 
part the large motor axons of 20 to 40 u diameter were isolated since these 
can be readily obtained free from connective tissue, which is not true of 
the smaller sensory fibers. 

The prepared fibers, isolated for a distance of 20 to 25 mm., were either 
dissected from the claw with a bundle of nerve left attached at either end 
for ease in clamping, or else the proximal end was prepared in this wa) 
and the distal end left attached to the claw, the joints from which the 
fiber was prepared being discarded. ‘The fiber was transferred to the lead- 
ing off chamber, which had been filled with van Harreveld’s (1936) solu 
tion, and the end, or ends, secured. If the fiber was left attached to the 
claw, the latter was held outside the end of the chamber, the nerve enter- 
ing through a slot in such a way that it was kept covered with solution. 
Keeping the claw and therefore the muscle which the axon innervated 
attached to the preparation was done because the fiber maintained its 
activity much longer than one severed completely: 6 to 8 hours or more 
against one hour or less. 

The leading off chamber employed in the experiments consisted of a 
triangular trough cut into a strip of Lucite which formed the bottom of 
a rectangular box of the same material; see figure 1, 4 and BB. The 
trough had a vertex angle of 90°. Fluid leads entered at the vertex 
through fine pores of about 90u diameter, spaced at intervals of 5 mm. in 
the case of the leading off electrodes. The other openings of the leads 
were through holes drilled into the side of the box and strip. Into these 
were inserted, ordinarily, platinum wires connected to the stimulator and 
amplifier. If the wires to the latter were of silver-silver chloride, non- 
polarizable electrodes were obtained which were not poisonous to the 
preparation because of the length of fluid lead intervening. The free 
ends of the preparation were held in the vertex of the trough by overhead 
clamps, and one of these was movable by means of a lead screw. 

The amount of fluid surrounding the fiber in the chamber could be 
limited by “lids” for the trough; see figure L.&. These lids were made of 
a square rod of Lucite, beveled along one edge. This edge fitted into the 
vertex of the trough so that there a triangular cross-section of definite 
area was obtained. 

After the fiber was in place along the bottom of the trough’s V and the 


lid to be used was in place over the axon, the excess fluid was pipetted 


from the chamber, care being taken to blot up any fluid that could serve 
as a shunt around the leads. In this way the fiber was left surrounded 
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during the experiment by a limited quantity of fluid which formed the 
only appreciable conducting medium between the electrodes. 


Fi 


Fig. 1. Leading off chamber and lids. 

4. Top view of chamber, showing trough, position of leads and preparation. 
KB. Side view of chamber from the stimulating, or proximal, end 

(’. Cross-section of trough through a lead, with a lid and fiber in place 

1). Bevel view of lid used for producing a sudden change in conductance, and side 
view of this lid 


k. Bevel views of lids used for producing a sudden short increase and decrease in 
ynductance, respectively 


The stimulator employed generated square waves whose frequency, 
duration and amplitude could be independently varied. The action po- 
tentials were led off through a push-pull differential amplifier into a 
cathode ray oscillograph. Very low grid-to-filament capacity tubes were 
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used in the first stages of amplification so that the current flow from the 
leads to ground and back through the preparation caused by the action 
potential would amount to less than 10-'° amps. Usually the stimulator 
and the sweep of the oscillograph were synchronized at a frequency of 30 
per sec. This frequency did not produce signs of fatigue in the fiber, 
even after continuous stimulation for some minutes. 


Resutts. Before proceeding to a description of the artifacts produced 


by non-uniformity of conductance in the region between the leads, it 
will be necessary to consider the effect of the external conductance upon 
the action potential. 


Fig. 2. Curves 1, 2 and 3 are tracings of action potentials led off from the same 


fiber at the same distance (7 mm.) from the stimulating electrode; only the cross- 
section of the trough, and therefore the conductance, was changed. The crossesare 
the points obtained by multiplying ordinates of curve 2 by the ratio h,/h2 of the spike 
heights of curves J and 2. Similarly, the circles are the point obtained by multiply- 
ing ordinates of curve 3 by hi/hs. 


The maximum height of the action potential, with the smallest prac- 
ticable amount of fluid, was about 1.5 my. as compared to the 20 to 50 
mv. which were obtained from these fibers when mounted in air or oil 
(ef. Hodgkin, 1938). As the amount of fluid in the trough was increased 
the height of the recorded spike declined. This change in height was the 
only one; the shape, duration and velocity of the action potential did not 
differ appreciably for different amounts of fluid when each amount was 
made uniform in cross-section by using a lid of constant bevel width. 
See figure 2 for a comparison of action potentials from the same fiber. 
That there was no difference in velocity such as Hodgkin (1939) found for 
single crab fibers immersed in sea water versus oil is explained by the 
fact that in the present case the external resistance, which is varied, is 
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small compared to the internal, and therefore in equation (1) the current 
2, which influences the velocity, will remain almost constant. 

The question arises as to how much of the actual potential drop devel- 
oped externally to the fiber and parallel to its axis is picked up by the 
electrodes under the different circumstances. To determine this point 
micro-electrodes were prepared, consisting of small glass tubes with one 
end drawn out into a capillary having a terminal inside diameter of ap- 
proximately 10 wu. One of these electrodes was connected to one of the 
amplifier leads by means of a silver chloride-plated silver wire which 
dipped into the fluid contained in the tube. The other lead was by way 
of the trough in the usual manner. The capillary electrode was held by 
a mi¢ro-manipulator so that the pore of the electrode could be placed 
at any position relative to the fiber. 

It was found that whether the pore rested on the surface of the fiber 
or was removed as far away as the fluid in the trough allowed (a range of 
0.1 mm. in the case of least fluid up to 1 mm. or more with larger amounts) 
the height as well as the shape and duration of the action potential re- 
mained the same. If more solution was added the action potential de- 
creased, but the decrease was the same irrespective of where the electrode 
was placed. 

The result of this experiment implies that the equipotential lines de- 
scribing the potential field external to the active region of the fiber ex- 
tend out practically perpendicularly from the fiber’s surface, and there- 
fore the actual potential difference developed along the axon’s external 
surface is led off. In other words, the medium about the nerve fiber 
acts as a linear conductor for the action current. 

Artifacts produced by change in conductance. Bishop, Erlanger and 
(iasser (1926) discovered that distortions of the action potential record 
from myelinated nerve arose when idle leads, drops of water, undissected 
tissue, dead fibers, or cut branches occurred in the led-off region of the 
preparation. These were described as furnishing extra leads, as indeed 
they may. Schaefer and Schmitz (1934) showed that some of these 
types of artifacts were produced in myelinated nerve by variations in the 
external conductance along the nerve. 

Early in the present work it was discovered that small variations in 
the medium surrounding the isolated fiber as well as damage to it gave rise 
to records riddled with irregularities. One type of injury common in 
unmyelinated fibers unless carefully handled is constriction which would 
not oniy abruptly change the external but also the internal resistance 
of the fiber at the narrowed place. These were the main reasons why the 
trough method was developed, for with this technique the fiber could be 
maintained in good condition and, if the trough and lid were made pre- 


cisely enough, unwanted artifacts could be avoided. 
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Fig. 4. A. Scheme of the current flow outside the fiber when the impulse e1 
rs a sudden decrease in conduetance Phe equipotential lines are constructed 
13 lingrat the potential along the fiber See text for analvsis 
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so that 
C7; 
C 


E, . 


Furthermore, since the external medium serves as a linear conductor, 
in the neighborhood of the discontinuity the part of the wave in region 1 
will be represented by F; and the part in region 2 by Ey. Therefore 


AF, = at Z, 
where AE; is the increment of EF; produced by the sudden change in 
ductance, as shown in figure 4 B. From equation (3), then, 

- E,, at z, 


AE, = 
C2 


= G; — Ge 


where G,; is the potential of the first lead relative to ground and G, that 
of the second. This means, of course, that the recorded artifact, expressed 
by the increment AF, is proportional to the action potential. 

This artifact is of some use in certain types of experiment, for instance 
those with drugs, since effectively an extra lead can be obtained at any 
point in the led-off stretch by merely shifting the special lid. Examples of 
this type of artifact were shown in figure 3, A and B. Actually, the con- 
ditions diagrammed in figure 4 are those under which figure 3 B was 
taken; 3 A is the converse case. 

Expressions for the artifact shown in C and D of the latter figure can 
also be readily derived. Referring to figure 5 A, the action potential in 
region 1 suddenly encounters a narrow region 2 of different conductance. 
Using the same notation, it will be seen that 


Since 


If Ax is sufficiently small compared to the wavelength, then 


—A 
Ox 


Z, at z. 


Therefore, 
C; Jk, 
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BE 


The recorded artifact is thus proportional to the first differential, —- 
Ol 


of the action potential, which changes sign at the crest of the spike, ac- 
counting for the diphasic response seen in figure 3, C and D. 
A spurious response very similar to the latter artifact will be recorded 


from a preparation where there is an abrupt but short increase in con- 


ductance, such as could be caused by an idle electrode. Of more interest, 


Electrode 


( 


\. Diagram of the potential along the fiber at an instant when the impulse 
s passing a sudden short decrease in conductance, the circumstance producing the 
Similar potential diagram for the case where the 


artifact shown in figure 3D. B 
See text for analyses. 


impulse is passing an electrode of high conductance 


however, is the question of the effect of the increased conductance fur- 


nished by the active leads. The last result, equation (4), will be of help 


in finding an answer. 

In figure 5 B the impulse is traversing an active electrode covering the 
region s to (xr +d). If E is the function expressing the potential of the 
traveling wave in the region before and after the electrode, having the 
conductance C, and E’ the function in a region having the conductance 
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SUMMARY 
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the external action po 
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the shape 
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\rtifacts resulting from irregularities in the conductance outside the 


fiber are deseribed. Two special types of artifacts, one giving a response 


proportional to the action potential and one a response proportional to its 


first differential, are analyzed. 
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SOME FACTORS WHICH INFLUENCE THE INHIBITION ©} 
WATER LOSS IN ALBINO RATS BY PITUITRIN 


ELDON M. BOYD 


t 


Most experiments concerned with the effeet of poste 


tracts on body water have been performed upon mammals o1 


mammals the almost universal method of measurement of 
been the recording of changes mm the volume of urine 
reaction investigated is one which has been refe 

action after Fritz Brunn who discovered the reaction in 


3) and in this reaction an increase in total body water 1 


Superficially, the Brunn reaction and the mammalian ‘‘diureti 
reaction appear to have little in common but a number of recent 
tions in this laboratory (for example, 2) have brought 
which indicates that in at least a number of respects they 
alike; apparent differences were found due to differences 
nature of water exchange in the two classes of vertebrate 

In most previous investigations from this laboratory, the problem o 
phvletic Variations between amphibians and mammals has been approached 
from the amphibian end. In the present study, we decided to approach it 
from the mammalian end. It seemed possible that the apparent differ 
ences between the Brunn and mammalian reactions might be due to differ 
ences in the method of measuring the effect of posterior pituitary extracts 
Hence we decided to measure any effects not as changes in urine volume 
but as changes in the body weight of mammals. Using albino rats given 
water by mouth in the familiar water diuresis technique, we found that 
suitable doses of pituitrin would inhibit the loss of weight in such animals 
To establish conditions necessary for the standardization of such a react 
our first problem was to find the effect of various factors which m 
ceivably affect the results We wish now to report on 
we have investigated to date. 


Selected, mature, healthy albino rats were housed 
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ire control and fed on Purina Fox Chow Checkers with iodized 


o drink ad libitum, except for 15-18 hours previous to an experiment 
vhen no food or water were allowed The general technique consisted in 
hoosing some 15 to 20 rats from this colony, weighing them 
0.1 gram on a trip scale balance, placing them in individual, small cages, 
idministering 5 per cent of their body weight of distilled water by mouth 
njecting half of the number with pituitrin and subsequently re-weighing 
ill animals every half-hour or hour. Mean percentage changes in weight 
vere plotted against time 

Significance of control curves. Vhe number of animals which may 
roup 1s ot necessity limited in any one man-day experiment lh 
method of assay of pituitary antidiuretic activity, cach dose group 
ats (5) We have used a minimum of 6 rats to a group and 
the problem : as to What variation might be expected between control 
groups of this number of rats. In other words, how far away should any 
6-rat mean curve be from its control 6-rat curve in order that the differ- 


ence be unlikely due simply to variation in controls? ‘To get an estimate ot 


xpected variation in 6-rat control groups, 23 such groups were given 5 


of their weight of water by mouth and individually weighed at 


The mean percentage change 1h weight of ach 
each half-hour was calculated and a grand mean and its standard 
group means at each interval were found. The grand means have 
been plotted in figure 1 as a heavy solid line and the standard deviations 
tbout these grand means have been indieated as a shaded area 
he shaded area includes two-thirds of all expected means mn 6-rat 
rol groups measured under these conditions. One curve out of eve 
De eEXPer ted to lie above and one curve below the shaded ares 
rves, one bye low and one above the shaded area would not be ¢ xpect 
6 oceur more frequently than | out of 36 trials. We took as a working 
that*when anv curve lav a distance from its control which co: 
to greater than the shaded area in figure 1, a possible significant 
ted and further experiments should be done to increase the 
animals per group. In general, when the space between two 
less than that corresponding to the extremes of the shaded 
such curves were concluded to be insignificantly different 
tor being studied to have little or no effeet, not necessarily no 
ut an effeet, if anv, which could probably be disregarded at present 
n the standardization of technique. 
Lie Heavy rats were found to lose weight. with or without 
than small rats. This difference in control rats 
t of their weight of water by mouth but no pituitrin ts 


he experiments summarized in table 


Cn pe 
‘ i i 4 iit 

‘ al of 36 large rats and group B of 48 small rats and it is ob 
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vious that during the first 2 or 3 hours, the small rats lost water at a sig- 
nificantly faster rate than the larger rats. After 3 hours, differences in 
the rates of water loss became less striking but the differences in the first 
3 hours are important because it is over this interval that pituitrin is 
usually most effective. 

In two other groups of rats similar in weight differences to those re 
corded above, pituitrin was injected in doses of 0.1 international unit 
per 100 grams’ body weight. Over a 5 hour period, pituitrin retained in 


heavy rats 36 per cent on the average of water lost by similar heavy con 


Fig. 1 Fig. 2 Fig. 3 


Fig. 1. Mean changes (solid line) in body weight of 23 groups of 6 albino rats each 
given by mouth 5 per cent of their weight of water and the standard deviation of the 
means (shaded area) 

Fig. 2. The effect of environmental temperature on changes in the body weight 
of albino rats given water by mouth without pituitrin (solid lines) and with 0.1 in- 
ternational unit (single dot lines), 0.01 unit (double dot lines) and 0.001 unit (tripl 
dot lines) of pituitrin per 100 grams body weight. 

Fig. 3. The effect of various periods of fasting and thirsting on the loss of water 
given by mouth to rats with (top curves) and without (bottom curves) Linternational 
unit of pituitrin per 100 grams body weight. 


trols not receiving pituitrin. Of the lightweight rats, those injected with 
pituitrin lost only 27 per cent less water than the controls not receiving 
pituitrin. The mean difference of 9 per cent had a standard deviation of 


1.6 which is just about indicative of a significant difference. In subsequent 


experiments rats of similar weight were used in all groups to be compared 

Season. The Brunn reaction in frogs varies markedly with season, 
showing a markedly decreased response in the winter months in this 
locality (4) and in other respects we have found the body water of frogs to 
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respond to posterior pituitary extracts differently with seasonal changes. 
We anticipated a seasonal variation in albino rats but found none. When 
we averaged percentage changes in body weight of diuretic rats in groups 
of 30 or more the year around, the mean values were almost identical ir- 
respective of season. Having excluded other suggested causes, seasonal 
variation in the Brunn reaction was ascribed to some internal factor such 
as seasonal variation in sexual activity (4). This idea is perhaps born out 
by the present results since we have not noted in this laboratory any 
significant seasonal variation in the sexual activity of albino rats as in- 
dicated by the ease and success of breeding. We have found rats a little 
more difficult to breed in January and February but not markedly so. 

Environmental temperature. To accentuate any possible effect of en- 
vironmental temperature, rats were divided into three groups and simul- 
taneously given water by mouth with and without various doses of pituitrin 


TABLE 1 
The e fie ct of body we ight on the loss oJ water administered by mouth in doses of 6 per cent 
of body weight to albino rats 


HOURLY PER CENT CHANGE IN BODY WEIGHT 
BODY 


GROUP 
WEIGHT 


1 Hr. 2 Hrs 3 Hrs. 4 Hrs. 5 Hrs. 
grams 
Mean 25 +- +2.18 +1.07 
Mean 5 +305 12 +0.54 
Mean difference 
Standard deviation § of 
mean difference 


in one room at a temperature of 4.4°C., in another at 23.8°C., and in a 
third at 39.5°C. Mean changes in several experiments are shown in 
figure 2. At room temperature of 23.8°C., the usual type of response was 
obtained. In a refrigerator room at 4.4°C., rats not receiving pituitrin 
lost water much less rapidly, the various doses of pituitrin had a less marked 
and more brief water-retaining effect and in many instances the pituitrin- 
injected rats had actually lost more water at the end of the experiment 


than had the controls. At a temperature of 39.5°C., the loss of water was 


so rapid that pituitrin was ineffective in influencing the changes in body 
weight. These results indicated that environmental temperature was : 
factor which required itself to be taken into consideration. In subsequent 
experiments requiring comparison of data obtained on several different 
davs especially in the summer months when environmental temperature 
varies here a good deal more than in the winter months in artificially heated 
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rooms, the factor of temperature was taken into account by including 
each day’s experiment equal numbers of rats in all groups to be subse 
quently compared. 

Light. Environmental light was investigated because of the well known 
controversy regarding its reputed effect on the hypophysis and its hor- 


mones. Rats were assembled, one group in a dark room in which weighings 


were made with the aid of a small red light, and another group in the open 


laboratory. Under these conditions, no appreciable differences were noted 
in the weight loss of rats with or without injections of pituitrin in various 
doses 

Air velocity. Rats were assembled in three different rooms in which the 
temperature and relative humidity were the same but air velocity varied 
by the use of electric fans. The cooling power of the air in each room was 
measured by a katathermometer and the dry kata or DK readings wer 
respectively 2.1, 3.1 and 7.9 millicalories per square centimeter of instru- 
ment per second. Weight changes in rats assembled in these three rooms 
with or without pituitrin were identical in corresponding experiments 
Weight changes in frogs assembled under similar conditions are markedly 
affected by air velocity. The difference between frogs and rats is no doubt 
due to the fact that frogs normally lose a great deal of their water by 
evaporation through the skin while rats lose very little water in this manner 
at ordinary temperatures. 

Relative humidity. No direct data were obtained on experimental al- 
teration of relative humidity alone but in this connection the following 
information may be of interest. In the summer, relative humidity read- 
ings taken in the laboratory were high, between 50 and 80 per cent satura- 
tion, while in the winter with a hot water heating system the relative hu- 
midity readings fell to between 10 and 30 per cent saturation. When the 
results in comparable experiments with animals of the same weight, at 
the same room temperature, ete., were tabulated and plotted, it was not 
possible to demonstrate any difference. In this comparison, however 
two factors were varying, season and relative humidity and it is Just possi- 
ble that there may have been changes in one which counterbalanced 
changes due to the other. 

Fasting and thirsting. Rats were divided into three groups, one group 
deprived of food and water for 18 hours, another for 42 hours and a third 
for 66 hours. Rats in each group were then given water by mouth and 
varying doses of pituitrin. Mean changes in body weight under these 
conditions have been plotted in figure 3; the dosage of pituitrin used in the 
experiments plotted in figure 3 was | international unit per 100 grams’ body 
weight. Other doses of pituitrin were also used and the resulting curves 


were distributed similarly to those shown in figure 3 


HOS ELDON M. BOYD AND N. D. GARAND 


The results demonstrated first that a water diuresis could be produced 
in rats even after several days of thirsting and fasting, a finding which has 
been previously recorded by Heller and Smirk (6) Pituitrin was mort 
effective in retaining body water in the more dehydrated and fasted rats 
and this was seen In all experiments. This is an interesting finding sinc 
it suggests that the action of pituitrin in rats can be altered by the state 
of water balance of tissue cells, a conclusion also reached by a different 
method in experiments reported by Pickford (9). 

Salt intake. In the experiment just described, two factors were altered 
the water intake and the food intake and probably, though not necessarily, 
the important part of the food intake was its salt content.  Baldes and 
Smirk (1) recorded that a salt-deficient diet decreases water diuresis and 
this was confirmed by MeCance and Widdowson (7). Unna and Walters- 
kircher (10) demonstrated that pituitrin is markedly diuretic if animals 
are placed upon a high salt diet. In confirmation of these and other 
reports, we have found that giving from 50 to 250 mgm. of sodium chloride 
per 100 grams per day also causes pituitrin to stimulate weight loss instead 
of retention in rats given water by mouth. These and similar observations 
are all probably closely related to the original finding of Motzfeldt (8) 
that pituitrin cannot inhibit a saline diuresis. The phenomenon pre- 
sumably occurs when the water normally retained by pituitrin is required 
to dissolve excessive amounts of salt, the urinary excretion of which is 
normally stimulated by pituitrin. 

Chlorbutol in pituitrin. Commercial ampules of pituitrin contain 0.5 


per cent of chlorbutol. We have found that chlorbutol itself in doses up 
to 1 ml. of 0.5 per cent per 100 grams body weight, which corresponds to 
the chlorbutol in 20 units of Pituitrin Surgical, has no appreciable effect 


on the loss of water administered to rats. 


SUMMARY 


When water is administered by mouth to albino rats and loss of body 
water measured as changes in body weight with and without pituitrin, the 
following factors affect the reaction. Small rats lose water more rapidly 
than large rats and pituitrin is less effective in preventing or inhibiting 
weight loss. Extremes of environmental temperature, either cold or hot, 
depress the water-retaining effect of pituitrin. Pituitrin retains water 
more effectively in rats dehydrated and thirsted for a prolonged period. 
Administered salt decreases the water-retaining effect of pituitrin and may 
reverse it. Factors which were found to have little or no effect on the 
reaction of albino rats to pituitrin included season, environmental light, 
air velocity and relative humdidity. 
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It is the purpose of this paper to present quantitative data which pro- 
vide further support for a physical hypothesis of intestinal absorption 
and secretion of fluid. 

Previous work of the author (1) has indicated that absorption of fluid 
from the intestine may be effected by the energy of colloid osmotic forces 
exerted by proteins in the tissue fluids of the villi; for it was found, in the 
case of each of a series of animals, that the negative intra-intestinal pres- 
sure required to abolish absorption was equal to the colloid osmotic pressure 
of lymph from the lacteals of the same loop of gut. The author has sug- 


gested (2) that secretion of fluid by the bowel may result chiefly from the 


operation of simple physical mechanisms. Elevation of tissue pressure 
in the villi may result in ultrafiltration of tissue fluids through the epithe- 
lial membrane into the lumen of the gut. During secretion the villi are 
observed to be swollen, often to twice their resting diameter, and this 
appearance leads one to believe that tissue pressure becomes elevated as the 
result of filtration of fluid from the local capillaries. As a matter of fact, 
these vessels are congested, and the tonic contraction of the muscularis 
mucosae (which accompanies the secretion resulting from pilocaropine or 
from irritation of the mucosa) appears to offer obstruction to the drainage 
both of venous blood and of lymph. Although attempts have been made 
tO measure tissue pressure in the mucosa by methods employed success- 
fully in other tissues (3) local bleeding has always rendered these studies 
valueless. The present paper offers another, indirect, approach which 
seems to solve the problem; for the value of tissue pressure may be esti- 
mated in terms of capillary and osmotic pressures, under specified con- 
ditions. 

The physical hypothesis of fluid transfer may be expressed in the form 
of the equation: 


= — OP, — IP) 


rk was aided by a Fluid Research Fund of the Rockefeller Foundation. 
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In this equation CP is the mean capillary pressure, 7P is the tissue pres- 
sure, OP OOP represents the effective colloid osmotic pressure: the 
difference het ween the total eolloid Osmotic pressure ot the blood and thre 
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osmotic pressure of proteins in the tissue fluids. 
is substituted in equation 1) we obtain 


Irom equation 
cr OF 


Kquation contains variables iP and OP, which cusily dl 


il] pressure in the villous eireulation cannot be de- 


but since the capillary 
termined directly it is necessary to estimate CP indirectly. We hav 


d ¢ Pto Vary producing various degrees of Congestion of the mesen- 


1 hen prope rly applic d thie mesenter1e vessels. thre crescent 


eri els 


S rese 
were placed the 
mgestion 
is shown 


ire tied t 


pictured in figure 1, may be blown up to compress the 


rubber bag | 


veins and lymphatics. Filtration of fluid from villous capillaries is doubt- 
vy the resulting elevation of capillary pressure. The 
nulating tissue fluid eventually swells ‘villi because its escape by 


tile 


way of the mesenteric lacteals is cut off at the point of application of the 


bag 
experimentally that, corresponding to any given intra- 
pressures slightly below atmosplhi re were employed 


was a definite mesenteric venous pressure, measured 


wometer connect d tO thre rubbe ! bag system, which exactly 


measured 


¥ 
| 
| 
7 
a 
Fig Apparatus emploved for congesting mesenteric vessels Originally cde 
signed ~ ple the device Wiis ised. qduring t ely 
provide support for parallel metal plates, between which we enter 
i theis ted loop and the soft rubber bag used to produce ¢ heli 
tuminum wire tt ched to its rubber-covered glass « it thie 
eft. This device is placed inside the loop of gut, the ends of which @Eight! 
| 
ntoctimna 
Phe greatest error in determining each of the pressures which were —l 
is ryt? ntestil nad ec old osmotic pressures) does not exceed 
’ 


FLOW OF FLUID THROUGH INTESTINAL MUCOS4 115 


balanced the forces tending to cause absorption of fluid. Since venous 
pressure, during passive congestion, is probably not much lower than 
mean capillary pressure, it is not surprising to find, when the values of 
mesenteric venous pressure are substituted for CP in equation (5), that 
the equation actually expresses the conditions for the balancing of fluid- 
absorbing and fluid-secreting forces of the intestine The graph of the 
data, shown in figure 2, indicates that fluid transfer through the gut wall 
will cease when mesenteric venous pressure and intra-intestinal pressure 
are SO adjusted that their difference is equal to the total colloid osmoti 
pressure of the animal’s blood serum. ‘The line drawn at a slope of 45 
degrees from the origin is the locus of points representing exact equality of 
CP — IP and OP,. It will be noted that the experimental points arrange 
themselves fairly accurately along the theoretical line. 

The data were obtained from experiments on 10 dogs, anesthetized 
with sodium barbital (0.25 gram/kgm., injected intravenously). Single 
determinations were made on 7 animals. The eighth dog received an 
intravenous injection of 100 cc. of 30 per cent acacia solution, which 
elevated the osmotic pressure of the blood from its original value otf 
26 cm. of water to the high level of 42 cm. of water. The corresponding 
value of CP — IP underwent a change of the order to be expected from the 
physical hypothesis of fluid transfer as expressed in equation (5). Another 
dog was bled until the osmotic pressure of its blood fell from 27 to 20 em. of 
water. The tenth dog was bled four separate times, the osmotic pressure 
falling from the original value of 29 em. to successive values of 24, 19, 14 
and 10.5 em. of water. In order to maintain the balance between absorb 


ing and secreting forces it was necessary to diminish the congesting pressure 


at each stage, as indicated in the figure. 

Intra-intestinal pressure was maintained, during these experiments, at 
from —3 to —5 em. of water. The helical coil of aluminum wire, pre- 
viously described (4) and pictured in figure 1, prevented collapse of the 
gut walls when internal pressure was reduced below atmospheric. The 
congesting pressures, required to balance absorbing and secreting forces, 
varied from 8 to 40 em. of water. In one experiment intra-intestinal 
pressure was set at successive levels of —2, —6 and 11 em. of wate) 
The corresponding values of mesenteric venous pressure required to prevent 
fluid transfer in either direction were 24, 20 and 14 em. of water, resper 
tively. The values of CP — IP were therefore 26, 26 and 25 em. ol 
water respectively: a fairly good check on the validity of the assumption 
that variations in venous pressure and intra-intestinal pressure are equally 


1.0 cm. of water. A change of less than 0.5 cm. of water in any of these pressures 
will produce a readily detectable change (0.01 cc. per minute or greater) in the rats 
of absorption or secretion. 
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effective in influeneing the transfer of fluid, at the point of balance be- 
tween secretion and absorption. 

It has been observed that during congestion of the mesenteric veins and 
lacteals, the whole thickness of the gut wall becomes swollen, and fluid 
weeps constantly from the peritoneal surface of the loop. This fluid loss 
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Fig. 2. Data indicating that when mesenteric venous and intra-intestinal pres- 


sures are adjusted to balance fluid-absorbing and secreting forces the difference of 
these values is approximately equal to the colloid osmotic pressure of the blood, over 
a wide range of values of the latter. The diagonal line is the locus of points repre- 
senting exact equality of these variables, as demanded by theory. 


presents possibilities for error in the analysis, for it has been tacitly as- 
sumed, in the discussion of the mathematical physics of the filtering-ab- 
sorbing system, that the whole mechanism is enclosed in elastic, non- 
leaking walls. Consequently when we examine the graph of figure 2 it is 
not perhaps surprising that more points are found to lie above the theo- 
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retical line than below it. It seems evident that, in a slightly leaky sys- 
tem, capillary pressure must be maintained above the true point of equi 
librium in order to provide for filtration at a rate equal to the losses from 
leakage. Most of this leakage, to be sure, may take place from the 
capillaries of the muscular coats and peritoneal surface, but it would be 
logical to believe that fluid can also escape by filtration from thin-walled 
lacteals as they penetrate the sub-mucosa and enter the muscularis 
During the normal process of secretion such leakage presumably does not 
occur, since the veins and central lacteal of each villus are constricted at 
the base of the villus by the tonie contraction of the muscularis mucosae 

The error of estimating capillary pressure from venous pressure. will 
tend to make the experimental points of figure 2 fall below the line. It is 
possible that this error in the negative direction may have become com- 
bined, in some instances, with the positive error mentioned in the preceding 
paragraph to give, by chance, the almost exact concordance of observed 
and theoretical values represented by the points which lie closest to the 
line. 

Relation of intra-intestinal, congesting, and osmotic pressures to the rate 
of secretion of intestinal juice. If, at any constant value of intra-intestinal 
pressure, the congestion of the mesenteric veins and lymphatics is in- 
creased beyond the point of fluid balance, secretion will occur at a rate 


which attains a constant value, the magnitude of which is determined by 
the congesting pressure. A loop of bowel 20 em. long may be caused, in 
this manner, to secrete fluid at a rate of 0.5 to 1.0 ce. per minute without 
becoming damaged; but at congesting pressures above 40 to 60 em. of water, 
hemorrhage from the mucosa may complicate the experiment. Usually 


the effects of congestion are completely reversible; thus, upon release of 
the congesting pressure, the gut, within a few minutes, resumes absorp- 
tion of fluid at precisely the rate observed during the period preceding the 
congestion. 

If the congesting pressure is elevated in successive steps above the 
point of fluid balance, fluid is secreted at rates which increase geometri- 
cally rather than in direct ratio to the increments of venous pressure. 
Changes in intra-intestinal pressure at constant congesting pressure pro- 
duce nearly proportional changes in the rate of secretion or absorption, 
but the constant of proportionality increases as the congesting pressure 
is increased. Stated in another way, the relation of fluid flow to intra- 
intestinal pressure is approximately linear, but the slope of the line in- 
creases geometrically as congesting pressure increases. It is possible that 
these deviations from proportionality are due to a progressive increase in 
the surface and a diminishing thickness of the epithelial membrane of the 
villi as they become progressively more swollen by increasing grades of 
congestion. There are other possibilities, but this explanation seems most 
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probable, for visual observation of the villi, which was made possible by the 
use of a special glass-covered chamber previously described (2), showed 
definitely that the villi did become swollen whenever the venous outflow 
from the loop was partially obstructed, and the degree of swelling paral- 
leled the degree of venous congestion. 

It has not seemed necessary to make special tests of enzymatic action 
to determine whether the juice put out by the mucosa as the result of 
venous congestion is normal succus entericus. In the first place, we are 
interested primarily in the exchange of fluid and not in its composition 
with respect to solutes. In the second place, Nasset and Parry (5) 
have found that the fluid which may be “sucked” into the gut by negative 
intra-intestinal pressure possesses the properties of normal intestinal juice; 


‘ 


and there is no reason to believe that the ‘congestion juice’? should differ 
from “suction juice’ in any significant manner. The fluid which we 
have obtained was opalescent, and it contained no trace ¢f blood. 

As might be expected from the discussion so far, changes in colloid 
osmotic pressure of the blood are reflected in corresponding variations in 
the absorbing force of the gut, and in inverse changes in the rate of secre- 
tion. Thus, if an animal is bled and the volume of blood removed is 
replaced by saline, or if excessive amounts of saline are injected into the 
normal animal, without previous hemorrhage, secretion will start within 
a minute or two in a loop of bowel the intra-intestinal and congesting 
pressures of which have been previously adjusted to the point of fluid 
balance. In the ease of the dog which suffered a single hemorrhage (200 
cc.) the absorbing force, as measured by the intra-intestinal pressure neces- 
sary to balance the flow of fluid without venous congestion, fell from its 
original value of 19 em. to 9 em. of water. 

Discussion. Whether physical forces are or are not entirely responsible 
for the transfer of fluid through the intestinal mucosa, it is clear that 
variations in‘ capillary, colloid osmotic, tissue and intra-intestinal pres- 
sures, each and severally, produce profound effects on the absorption 
and secretion of water. The fact that venous and lymphatic congestion 
of sufficient grade will invariably stop the absorption of water and that 
more severe degrees of congestion will cause significantly rapid losses of 
fluid into the lumen of the gut as well as into the peritoneal cavity are facts 
which are of importance for clinical medicine. The degree of congestion 
required to balance the forces of absorption—35 cm. of water is an average 
normal value of the colloid osmotic pressure of the blood of man—is 
probably not outside the range of values of venous pressure observed 


] 


‘linically in patients suffering from congestive heart failure, constrictive 


pericarditis, portal cirrhosis, etc. It would be well to point out, however, 


that values of venous or intra-intestinal pressure may not be used, in the 
equations which we have derived, unless these pressures are measured in 
relation to intra-abdominal pressure as the zero point. 


FLOW OF FLUID THROUGH INTESTINAL MUCOSA 


The work of Herrin and Meek (6) on intestinal obstruction showed that 
distention of the bowel sets up a copious secretion resulting in important 
losses of fluid and salts from the body. Previous experiments of our own 
(unpublished) indicate that distention results in venous obstruction, and 
therefore it may be presumed that the secretion is due to the elevation of 
capillary and tissue pressures. 

We have found that dogs which are very deeply anesthetized with 
barbital (0.35 gram per kilo) often show enlarged spleens, engorged mesen- 
teric veins and portal pressures up to 45 em. of water. When loops of 
bowel are isolated for study in such animals they invariably secrete 
continuously until the venous pressure is lowered to a normal level by the 


administration of a full dose of atropine, whereupon absorption only 


rarely fails to set in. The action of atropine to facilitate absorption of 
fluid has been noted by others (7). It is possible that the effect just 
described is due to some action of the drug on the hepatic sluice mechanism ; 
but atropine also relaxes the outer gut musculature, an effect which 
should facilitate absorption in cases in which the tone of these muscles 
causes local venous congestion. 

Objections to the physical hypothesis of intestinal fluid transfer have 
been raised by several writers. Some have insisted that absorption and 
secretion of fluid occur simultaneously; that changes of volume of solu- 
tions placed in the gut therefore represent the resultant effects of the two 
processes; and that, consequently, attempts to measure the rates of fluid 
absorption and secretion separately are doomed to failure. This pessi- 
mistic view appears to be based on the preconceived idea--no longer 
tenable—that living cells are unable to transport separate ions or mole- 
cules, but must move solutions en masse. The fact that water can be 
absorbed while salts and other blood constituents and enzymes are passing 
outward into the contents of the gut is no more difficult to explain by well 
known laws of diffusion than is absorption of tissue fluids through the 
walls of a blood capillary at the same time that a dye is diffusing out of the 
capillary into the tissue spaces. 

The fact that the gut can absorb water from a hypertonic solution of 
NaCl has been considered as proof of the existence of special absorbing 
forces capable of operating against several atmospheres of osmotic pres- 
sure. But the laws of osmotic pressure tell us nothing whatsoever about 
the initial direction of movement of water from one solution to another 
except when the membrane separating them is absolutely impermeable 
to all solutes. Ions or molecules which are diffusing rapidly through a 
membrane may be expected to ‘“‘carry water with them” in what appears 
to be the wrong direction. It was shown by Lazarus-Barlow in 1896 (8 
that ox serum would absorb water from a 2 per cent NaCl solution across 
an artificial membrane which was permeable to the salt but impermeable 
to the serum proteins. Most physiologists realize that red blood cor- 
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puscles are quickly hemolyzed by hyperosmotic solutions of urea in 


water. Thermodynamic relations of this type of ‘“‘anomalous’’ osmosis 
have been discussed by Shreinemakers (9). 

Colloid osmotic forces have for years been considered inadequate to 
account for the absorption of water from blood serum or solutions of 
acacia. However, as Rabinovitch (8) and the author (unpublished) have 
shown, serum and acacia are absorbed at precisely the same rate as isotonic 
saline. This very exact equality of the absorption rates persists even at 
negative intra-intestinal pressures, and absorption of serum is retarded 
and eventually stopped by increasing degrees of negative pressure in the 
same manner and to the same extent as absorption of saline is affected by 
these relatively small changes in the applied foree. These experiments, 
so far as they go, merely indicate that the proteins and acacia are, in some 
unknown manner, rendered completely incapable of exerting any colloid 
osmotic pressure, when they are brought in contact with the surface of the 
mucosa. The problem invites further study. 

It has been suggested that the anesthesia or the negative intra-intestinal 
pressure employed in our experiments may abolish some of the special or 
selective absorbing or secretory forces of the gut, leaving unaffected those 
simple physical forces which the author has measured in previous studies; 
but the fact that “‘chloride impoverishment” (10) and absorption of 
serum— phenomena which involve special selective activity—have been 
shown to persist in our animals under the conditions prevailing in all of 
our experiments, would seem to rule out such objections to the physical 
hypothesis. 

The author is well aware of the fact that the imtestinal juice is not in 


equilibrium with the blood, so far as the various solute concentrations, pH, 


ete., are concerned (11, 12). It is clear that the mucosa performs osmotic 
work upon dissolved materials; but neither these phenomena nor the fact 
that the mucdsa secretes mucus and enzymes need have any more bearing 
on absorption or secretion of water than the secretion of ammonia by the 
kidney has upon the process of glomerular filtration. There are no data 
which compel the belief that water is ever transferred by the gut against a 
true osmotic gradient. 

It is urged, finally, that the scientific principle of economy of hypothesis 
favors the unitary and relatively simple theory proposed by the author to 
account for the transfer of fluid through the gut wall. 

The remarkable experiments of K6éniges and Ott6 (13), who find that 
central lacteal pressure in the villi of cats may attain values (24 to 25 
mm. Hg.) considerably in excess of the colloid osmotic pressure of intes- 
tinal lymph (10 to 11 mm. Hg.), lend direct support to the physical hy- 
pothesis of intestinal secretion, and indicate that future study of the 


problems of fluid transfer may, after all, involve the use of direct micro- 
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pipette determinations of the capillary and tissue fluid 
the villi. 


SUMMARY 


1. Moderate congestion of the mesenteric veins and ly mphatics produces 
slowing of the rate of absorption of isotonie saline from isolated loops of 
the small intestine At a definite congesting pressure absorbing and si 
creting forces may be exactly balanced. Higher grades of 
produce secretion of intestinal juice, the rates of secretion 
geometrically as mesenteric venous pressure is increased above the val 
required to abolish absorption 

2. Analysis of the physical hypothesis which has been proposed. to 
account for intestinal absorption and secretion of fluid, indicates that 


absorbing and secreting forces should be neutralized when the difference 


between mean capillary pressure in the villi and intra-intestinal pressure 


is equal to the colloid osmotic pressure Of the animal’s blood plasma 


When venous pressure is used as the measure of capillary pressure the 
equation fits the data obtained experimentally. 

3. Some objections, commonly raised against physical hypotheses of 
intestinal transfer of fluids, are discussed. 
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